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ABSTRACT

This report deals with pretest and post-test work on the Air Force Structures Test , Proj-
ect 3.1, Tests on the Loading of Building and Equipment Shapes.

The test was designed to check and improve upon previously developed methods of pre-
dicting blast loadings on simple structures representative of targets of military interest. The
specific test objectives dealt with the influence of certain geometric and blast parameters on
the loading of solid structures (e.g., the effects of shock strength on building height , width ,
shielding, orientation , etc.). The test items consisted of a series of 17 cubical structures of
reinforced concrete construction which were designed to rigidly withstand the effects of the
blast. The structures were rather extensively instrumented with pressure gages and were In-
cluded in both Shots 9 and 10. Most of the structures were located In the Mach reflection re-
gion on both shots; two structures were located in the regular reflection region of Shot 9 ano
in the precursor region of Shot 10.

Primary emphasis was placed on the study of diffraction phenomena since the pressure
• gage data were not expected to be sufficiently accurate to resolve the relatively small drag

forces. A comparison between measured and predicted diffraction loads served to confirm
certain aspects of the pretest load prediction methods and led to revisions of others. In the - 

-

remaining instances the form of the data was inadequate to either confirm or revise the
methods. This latter category includes those cases in which the test data clearly disagreed 

•with predictions but was too sparse to warrant revision of the prediction scheme.
Experimental drag coefficients were computed on the basis of three different forms of the

dynamic pressure-time variation: (1) the pretest predictions based on an approximate one-
dimensional theory, (2) adjusted measurements obtained from Sandia q-gages, and (3) a post-
test theoretical drag curve developed In Appendix B. The net drag coefficients (based on net
impulse ratios) determined by the latter method are lower than those obtained from either of
the other two methods but are still higher than the predicted constants.

A method is presented for predicting loadings on rectangular parallelepipeds in the pre-
cursor region. This empirically determined loading is based on data from a single structure
of Shot 10, and the predicted loading may well vary considerably for other precursor shot con-
ditions and for other building shapes. This report includes separate appendices which deal
with precursor loadings, wave forms for dynamic pressure, and regular shock refraction
theory.
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FOREWORD

This report is one of the reports presenting the results of the 78 projects participating inthe Military Mfects Testa Program of Operation UPSHOT-KNOTHOLE, which included 11 testdetonations. For readers interested in other pertinent test information , reference is made toReport WT-782, Summary Report of the Technical Director , Military Effec’.s Program. Thissummary report includes the following Information of possible general Interest:1. An over-al l description of each detonation , including yield, heigh t of burst , ground zerolocation , time of detonation , ambient atmospheric conditions at detonation, etc. , for theii shots.
2. Compilation and correlation of all project results on the basic measurements of bla8tand shock , thermal radiation , and nuclear radiation.3. Compilation and correlation of the various project results on weapons effects.
4. A summary of each project , including objectives and results.5. A complete listing of all reports covering the Military Effects Tests Program.
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PREFACE

In a letter dated 12 March 1952 , the Air Materiel Command (AMC) was requested by Air
Research and Development Command to submit , for testing In Operation UPSHOT-KNOTHOLE,
existing r equirements for a structures program which would be based on the needs of the Air
Force for target analysis and Indirect Bomb Damage Assessment information. Within the AMC
the responsibility for designing and executing such a program was delegated to the Special ~ - 

-Studies Office , Engineering Branch of the Installations Division. The requirements that were
submitted and approved became part of Program 3 of the operation and were designated as
Projects 3.1, 3.3, 3.4, 3.5, 3.6, and 3.26.1. B. J. O’Brien of the Special Studies Office was ap-
pointed Project Officer and, as such , coordinated and successfully directed the planning and
operational phases of five of the six projects. Owing to the similarity in test objectives In-
volving railroad equipment , the projects proposed by the Transportation Corps, U. S. Army, ~~. 

-

and the U. S. Air Force were combined Into Project 3.6 with Lt Col Donald G. Dow, TC, USA,
as Project Officer and B. J.  O’Brien as Assistant Project Officer. -

. 

-Armou r Research Foundation of the Illinois Institute of Technology was awarded a con-
tract to assist the Special Studies Office in planning and designing the experiments and ana-
lyzing and reporting of test results. During the period of planning, close liaison was main-
tam ed with other interested Air Force agencies, particularly the Physical Vulnerability Dlvi -
sion, Directorate of Intelligence, Headquarters , USAF. Many valuable suggestions were con-
tributed by Cot John Weltman , USAF, Lt Cot John Ault , USAF , R. G. Grassy, S. White , F.
Genevese and others of that division and by Louis A. Nees , Chief , Engineering Branch, Inatalla-
tions Division, AMC.

Personnel of the Special Studies Section , who were intimately connected with the program,
were Eric H. Wang, Chief , Special Studies Office, who was the technical and scientific monitor

— for the Air Force Program; Arthur Stansel; and Mrs. Maisie G. Ridgeway, secretar y to Mr .
Wang. Other members of the office who were associated with the program were R. R. Birukoff ,
P. A. Cooley, J. C. Noble, and Lt T. M. Murray and Lt G. A. Rockwell , USAF.

Most of the introduction section of this report was taken from the preface of the Prelimi-
nary Report , Operation UPSHOT-KNOTHOLE , Project 3.1 authored by Eric H. Wang and Ber-
nard J. O’Brien.

The responsibility within the Air Force for execution of the six projects was transferred
from the Special Studies Office, Installations Division, AMC to Blast Effects Research , Me-
chanics Branch , Aeronautical Research Laboratory, Wright Air Development Center , on 15
November 1954.

~
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CHAPTER 1

IN TRODUCTION

1.1 PURPOSE OF AIR FORCE TEST PROG RA MS

The ser ies of tests conducted by the Air Force in Operation UPSHOT-KNOTHOLE is
part of a continuing Air Force prog ram desi gnated as “Determination of Blast Effects on
Buildings and Structures. ” The United States Air Force (USAF) is mainly interested in the
offensive aspects of such research.

The UPSHOT-KNOTHOLE projects sponsored by the Air Force and their specific objectives
cannot be fully understood withou t some knowledge of the general objectives of the over-all
program. The research results emanating from these studies and experiments conducted by - 

-

the Air Force are used by a number of government agencies to improve their own systems of
determining blast effects , or to further their own research. 1-

One of these agencies is the Directorate of Intelligence , Headquarters , USAF , which feeds , 
-

results as they are obtained into its own system of vu lnerability classes, thereby making it
possible to analyze prospective enemy targets with greater accuracy and to recommend the
desired Ground Zero. Another principal user of the research results is the Strateg ic Ai r
Command (SAC), which appiies them toward improvement of an existing Indirect Bomb Damage
Assessment (IBDA) system. The purpose of this system is to make it possible to dispense with
the usual recon naissance after a strike, using, instead, information on the actual Ground Zero,
height of burst , and yield of the weapon which is brought back to the operational base by the
str ike aircraft to determine the damage inflicted .

The task of determ.ining the effect of blast on variou s types of building structures and
tactical equipment is a rather formidable one. However , its difficulty is somewhat relieved
by the fact that , for the offensive purposes , in which the Air Force is interested , it is not
necessary to determine the effect of transient loads on these items with the same accuracy as
would normally be employed for static design purposes. In fact , even if it were possible to
solve the dynamic problems satisfactorily, intelligence information would be far too sketchy to
furnish the information necessary to justify the use of an accurate anal ysis for items located
in prospective enemy countries. From the experience that is so far available , it is expected
tha t It will be possible within the foreseeable future to determine blast damage within broad
limits with sufficient accuracy f o r  planning as wel l as for operationa l purposes.

In view of the complex phenomena attendIng shock waves emanating from various types of
atomic blasts and the uncertainties inherent in determining significant parameters , an inves ti —
gator ’s first idea would be to obtain solutions through a long series of very elaborate and
properly designed full-scale tests . However , neither funds nor time will allow such an approach.
It has therefore been the objective of the agencies involved to obtain sufficientl y accurate re
suits by judicious use of theoretical analyses, laboratory tests , high explosive field tests , ~nd
a small number of full-scale atomic tests.
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Three of these research projects have involved full-scale atomic testing. The first was
GREENHOUSE, the second was JANGLE (the first , and so far onl y, underground burst of an
atomic weapon to which an Air Force structures program was subjected), and the third is the
present UPSHOT-KNOTHOLE program .

From previous analysis, laboratory tests , and full-scale tests (the latter especially as
conducted in GREENHOUSE), methods of damage prediction have been developed by Armour
Research Foundation (ARF) and others. These prediction methods have attempted to describe
the character of the blast loads acting on a variety of items. Response computations based on
the predicted load ings permit, in turn, an estimate of physical damage. However , the relation
between the deflection or movement of a body and significan t militar y damage has never been
clearly established except for extreme cases , e.g., total destruction or no destruction. An-
other aim of these tests is , therefore , to establish the relation between deflection and func-
tional damage. A full-scale test also affords an excellent opportunity to determine scaling
check points for laboratory tests.

In addition to the scientific aspects of the tests , most of the results of the Air Force
projects can be used by other government agencies , such as the Directorate of Intelligence ,
to furnish “rough and read y” experimental answers to the behavior of various kinds of struc-
tures under blast. In many cases there is a statistically significant number of items involved
which , added to previous experimental data such as those gathered at Hiroshima and Nagasaki,
will help round out the~present vulnerabi l i ty  picture . in other cases mathematical analysis may
have to rely on ad hoc~informaUon to furnish parameters which cannot be obtained in any other
way.

The foregoing remarks are designed to furnish the background necessary for a full under- 
- -

standing of the objectives of this and othe r of the Air Force projects . The full  significance and
value of the results of each test will be realized onl y when they are correlated with results of
past , current , and future anal yses; laboratory tests; high explosive field tests; and full-scale
atomic investigations.

1.2 SPECIFIC OBJECTWES

One of the most important , and at the same time uncertain , variables which enters into the
determination cf damage to structures exposed to atomic blast is the transient force which acts
upon obstacles. It has been found that the same time-pressure relation in air near the ground
will produce vastly different forces acting on structures , depending on their size , shape ,
orientation , height , length , and other characteristics. In addition the time-pressure curve in
front of the structure will , as such , be influenced by factors that will affect its history, such as
shi elding, topography, and the usual atomic parameters. This will show itself in blast charac-
teristics , such as peak shock strength and wave form. The main objective of this test was to
increase our knowledge of the’ manner In which some of these parameters affect the transient
forces acting on the structure.

Another objective of this test was to determine how loading on a rigid rectangular parallele-
piped is influenced by changes in certain blast and structural parameters; specifically the ef-
fects of the following structural and blast parameters were des~red:

1. The effect of shock strength on loading.
2. The effect of width on loading of essentially two-dimensional structures as compared

with three-dimensional structures.
3. The effect on loading of the size of obstacles whose height , width , and length are re-

lated to each othe r by a single given ratio.
4. The effect on loading of orientation characterized by the angle between the plane of the

shock front and the front face of the structure.
5. The effect on loading of varying absolute length in the direction of flow of an obstacle

whose absolute height and width dimensions are kept constant.
6. The effect of multiple ground reflection as it varies with the distance of the ground to

the bottom of the elevated structure.
7. The effects of shIelding with varying distances between obstacles.
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8. Effect of mul tiple reflection and clearance caused by various types of re-entrant cor-
ners and cavities in the structure.

9. A comparison between loading In the Mach region and that in the regular reflection
region.

1.3 RESPONSIB1UTI~ S

ARF was retained by the Air Materiel Command (AMC) of the USAF to carry out the fol-
lowing specific objectives of the program:

I. Consultation on the selection of the test items.
2. Design of the test items.
3. SpecificatIon of instrumentation requirements.
4. Location of the structures at the test site.
5. Supervision of construction of the test items.
6. Theoretical and experimental analyses concernin g pretest predictions of blast loading

arid response of the test items where required.
‘1. Analysis of the test results.
8. Submission of reports accounting for the Foundation ’s activities pursuant to the ob-

ject ive of the program.
Preparation of the construction drawings for most of the test items was subcontracted by •

the Foundation to the firm of Holabird and Root and Burgee. That organ ization also supervised
the actual construction under the general direction of ARF. As-buil t drawings of all the items
were prepared by the Silas Mason Company, which also was in charge of the actual construction r.work.

The design and installation of the instrumentation and subsequent recording and reduction
of the data were handled by the Ballistic Research Laboratories (BRL), Naval Ordnance
Laboratory (NOLJ . and Stanford Research Institute (SRI). A portion of the reduction and the
final plotting of the individual pressure records was prepared by Telecomputing Corporation .

1.4 PRESENTATION

This chapter deal s with a statement of objectives and responsibilities. Chapter 2 presents
the general discussion of test items and instrumentation. Chapter 3 gives the pretest analysis,
I.e. , specific predictions for the objectives outlined in this chapter. Chapter 4 treats the post-
test analysis in two phases. Before dealing with the specifi c objectives , topics which apply to
all the structures are treated. These general topics include ( 1) development of basic free
stream , side-on , and drag pressure curves; (2) a discussion of the data; and (3) a detailed
treatment of loading phenomena , such as build-up time , vortex activity , and drag loading.
Alter thi s general treatment , the individual objectives of Program 3.1, i.e., the effects on
loading of the variat ipn in specific geometric parameters , are each treated separately. Meas-
ured pressures are eabibited and compared to the pretest predictions of Chap. 3. Where good
agreement exists between the measured pressures and the computed values of the pretest pre-
dictions, it is concluded that the method of prediction Is valid. In those cases where test re-
sults disagree with the prediction , either the predictions are revised or further study is
recommended. If the experimental evidence can be classed as good, with reference to both
quantity and quality, the pretest predictions are revised; if the evidence Is weak, further study
is recommended. In add ition , comparisons are made between the GREENHOUSE report (Blast
Loading and Resp onse of Structures , WT-87) on large-scale models and shock tube results (The

— Diffraction of Shock Waves , W. Bleakney; Shock Loading of Rectangular Structures, W. Bleakney
e~ al; and The Shock Tube as an lnsf rumenl , F. W. Geiger and C. W. Mautz).*

• Complete reference to the publtcations mentioned In parentheses may be found in the
Bibliograph y at the end of the report.
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Chapter 5 presents a detailed analysis of drag loadings with the emphasis on net loadi ngs.Although thi s was not one of the original objectives of Program 3.1, it is treated in this re-port as an additional observation regarding an aspect of blast loading which has evolved to aposition of greater importance in rece nf time. Chapter 6 summarizes the conclusions of thepost-test analyses. Appendixes A, B , and C present contributions to precursor , wave shape,
and regular refraction theory, respectively Appendj,~ D is a list of sym bols used In the bodyof this report.
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CHAPTER 2

GENERAL DESCRIPTION OF TEST

2.1 TEST ITEMS

2.1.1 Test Site Layout

Of 17 models in the 3.1 test group (see Table 2.1), 15 were located along a circular arc at
a distance of 4900 ft from intended Ground Zero. The remaining two models were at distances
of 1150 and 2200 ft , respectively, from intended Ground Zero. Of the 17 test structures , 14
were cubicles and 3 consisted of pairs of thin wails separated by a varying shielding distance.
The buildings were spaced at distances varying from 80 to 200 ft along an arc length of 2000 ft.

Fifteen of the structures were located on the ground and were 6 ft hi gh, 12 ft wide , and 6 ft
long with the exceptions discussed below. All were constructed of reinforced concrete , were ,.~

. -

mounted on firm foundations and, except for the thin walls, were filled with soil. The structures t ~were considered to be perfectly rigid and were designed not to move during the blast loading.
One of the cubicles was used as a control structure; it was 6 ft high and 6 ft long in the direction
of the shock propagation , and 12 ft wide in the direction parallel to the plane of the shock front ,
and located on the ground. The remaining cubicles were grouped in pairs, with one of the struc-
tural parameters of the control structure varying within each pair. This arrangement provided
for models in groups of three (the control structure belonged to each group) with all parameters ,
except one, being held constant within a group. One of the structures minimized the length to
slightly more than I ft , forming an isolated thin wall for comparison with the three pairs of
shielded walls , while the maximum length used was 18 ft; the largest structure was 18 ft high.
Most ~f them were 12 ft wide , but two had the maximum width of 36 ft. Normal incidence of the
shock wave was Intended for all the structures except two, which were designed to measure
orientation effects with a maximum orientation of 45 deg. Thus , length , height , width , elevation
above grade, angle of shock incidence, distance from Ground Zero , over-all shape of structure,
and distance between shielding walls were varied systematically throughout the Project 3.1
group of models to determine the corresponding variation s in loading. Pressure gages were
mounted on the surfaces of the structures for thiø purpose. (Table 2.3.)

Some of the surfaces had as many as 8 to 10 gages. However , many of the surfaces had
only one gage mounted on them and still others had none at all. The control structure was very
heavily gaged since the loadings on all other structures were to be referred to it. In addition
to the pressure gages mounted on these surfaces of the models, gages were installed at five
locations along the arc between the structures for the purpose of measuring free stream
pressure.

The free stream gages measured the wave shape in the neighborhood of these structures,
that is, the variation of pressure with time as the wave passes the point where the flow is not
disturbed by the presence of obstacles such as one of these test models. Since this wave shape
varies , depending upon the height of burst , the distance from Ground Zero , and perhaps on other
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factors tha t are not yet thoroughly understood , it had to be measured experimenta lly. The im-
portanc e of this measurement stems from the fact that the type of loading on the surface of a
structure depends upon the wave shape as well as on the various structural parameters of the
building . (Ther efore the wave shape must be known in order to isotate its effect upon loading
from those due to the variation of specific structural parameters.)

The plot plan for Program 3.1 is shown in FIgs. 2.1 and 2.2. Fi gures 2.13 to 2.44 give the
dimensions and gage locations of the individual buildings as built .

When a shock wave strikes the rigid model , it causes a rapid variation of pressure on all
exterior surfaces. Based on previous test results obtained in the laboratory and In the field ,
as well as theoretical considerations and assumptions , the approximate loads ofl these models
were predicted beforehand, En this test the specific objectives were to be met with the follow-
ing detailed structures (see Table 2.2) .

2. 1.1 .1 Eff ~~t fShock Stren~~~
In the past it has been assumed that the type of loading obtained at one particular shock

strength could be applied directly to other shock strengths if expressed in terms of percentage
of side-on pres sure and certain other parameters. However , recent experiments at PrInceton
University on a two-dimensional block ( 1 :  1 height-to-lengt h ratio) with shock strengths rang ing
from very weak shocks, (4 1.126) to very strong shocks (4 5.0) show basic differences for
the loading on the roof. Although these effects , wh ich are due to differences in vortex develop-
ment , will  probably be less important in three-dimensional structures , a basic investigation
is in order to confirm this likelihood .

In the UPSHOT-KNOTHOLE test three identical structures were to be placed in di fferent
overpr essure regions— Structures 3.la , a, and t (a and I for Shot 10 only) . r
2.1.1.2 Two-dimensional Vs Three-dimensional Effects

The results of the GREENHOUSE (Blast Loading and Response of  Sf r uctures , WT-87) field
tests seem to confirm the supposition that different types of loading phenomena occur in two-
and in three-dimensional structures. Some changes , notably the build-up time on the back sur-
face , have already been incorporated into the present prediction schemes; other changes from
two- to three-dimensional loadings have been made arbitraril y in the past. It is hoped that
from these tests on structures with length-to-width ratios ranging from 1 1 to 1: 6, (Struc -
tures 3.la to c), a more reliable procedure may be developed to supersede previous estimates.

2.1.1.3 Effect of Size of Structure

The effect of size is .mportant if results on field test models are to be applied to larger
structures. Although it is beyond the scope of this program to cover a wide variation of
Reynolds ’ numbers which , if covered , mi ght well show sharp changes in drag coefficient values,
changes in loading caused by scale changes may be detected in restricted Reynolds ’ number
regions. An arrangement of full- and quarter-scale models was already a part of the GREEN-
HOUSE program , but the industrial type structures treated were insufficiently instrumented
and too complex to yield basic information.

In this test structures having identical height-to-width-to-length ratios , but varying in
height by a factor of three , were placed in the same overpressure region (Structures 3. Ia , e,
and f).

2.1.1.4 Effect of Orientation

In the past the buildings treated in field test programs were struck by shocks under normal
incidence , i. e., the flow direction coincided with the normal to the front wall; oblique incidence
was considered only briefl y. Even in those cases where it was considered, it was restricted to
special components, such as saw-tooth type roofs. Normal incidence was favored because the
theory is much simpler and the largest structural damage was expected for some type of
incidence normal to one of the walls. Since in an actual situation the incidence angle may vary,
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it is important to provide basic Loading information from which the damage can be predicted
more accurately for intermediate angles.

In this test Identical building shapes were oriented at intervals of approximately 22% deg.
and subjected to the same shock strength (Structures S.la , g, and h) .

2.1.1.5 Effect of Length of Structure in Direction of Flow

Shock tube experiments have established that the loading on the back of a thin wall is dif-
ferent from the loading on blocks of greater length. The problems of obtaining more basic
Information on various lengths and of applying these conclusions to large -scale models can be
investigated by including structures of identical height and width , but having different lengths.
These lengths (measured in the direction of flow ) ranged from the thickness of a thin wall to
three times the height of the structure (Structures 3.la , d , and 1).

2.1.1.6 Effect of Ground Reflecuon on Elevated Structures

The effect of ground reflection is important in the study of pressures on the unders~des of
variou s structures and equipment. Although some analysis has been attempted , there exist
practically no experimenta l data in support of such analysis. Therefore this phase of the over-
all program fills an important gap in the basic information on loadings on elevated equi pment.

In this test identical structures were arranged at various elevations above ground level
(one-half and one-third their height) and exposed to the same shock (Structures 3.la , o, and p).

2.1.1.7 E 2f S!3ieldin

The effect of shielding is of particular importance If loading predictions are attempted for
adjacent structures, as in a city, or for closely spaced equipment. Practically the only data on
shielding available in the literature are those from the Princeton shock tube , where a pair of
two-dimensiona l models of I :  I height-to-length ratio are separated by a distance of 1% times

• their height (The Diffraction of Shock Waves , W. Bleakney; and Shock Loading of Rectangnla,
Structures , W. Bleakney et al).

In this test sets consisting of two thin walls having various distances between them (one-
half or one-third times their height) were placed in the same overpressure region (Structures
Lid, 1, m, and n).

2.1.1.8 Effects of Cavities, Setbacks, and Re-entrant Corners on Loadi!~g
Pressure increase due to multiple reflections and action of rarefaction waves is important

for structures in the regular reflection region and for all shock loaded structures which possess
eaves, protuberanees, wings, etc. Structure 3.Iq, chosen to represent a few aspects of these
problems, Illustrates various phenomena expected to occur In actual structures , such as the
delay of pressure relief on walls protected by eaves, multiple reflection in a channel with the
shock spilLing over the top and one open side , and clearing of pressure from a front surface to
a parallel but setback surface.

2.1.1.9 The Effect on Loading from Placement of Structures in the Regular Reflect~~~j~e ton
Whereas structures located in the Mach region of the atomic blast are struck by a single

shock— the Mach stem under normal Incidence— structures located in the regular reflection
region are struck by both the free air  shock and the ground reflecteu .~..ock. Two structures
were chosen with the intent ion of having regular reflected region shock strengths of 2.0 and 2.6
and vertical incident angles of 43 and 20 dog., respectively, on Shot 9 (Structures 3.la , s, and
I). The Initial diffraction loading should illustrate the pressure mu lti plication in the re-entrant
corners formed by the front wait and the ground.
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2.2 INSTRUMENTATION

2.2.1 General

The measurements of direct concern in Program 3.1 were those related to the point pres-
sure on the structures and the free stream measurements In the vicinity of these structures.
As indicated in the plot plan , responsibility for these measurements was divided among three
agencies , BRL, SRi, and NOL. A detailed description of the instrumentation of each of these
three agencies is given in Reports WT-738 , WT-739, and WT-740.

These free stream measurements were augmented by values deduced from head-on
reflected pressures observed on front wall gages. It is desirable to get as accurate a measure-
ment of free stream pressures as possible.

The selection of the location for gages on the cubicles was dictated by the test objectives.
Since an impracticably large number of channels of instrumentation would have been required
to c ompletely cover all the buildings , only a minimum number were provided in order to pro-
vide check points on the various issues in question on the list of test objectives.

2.2.2 Air-pressure Measurements

All air-pressure-vs-time measurements were obtained by the use of Wiancko type gages,
which consist of a differential inductance bridge actuated by a pressure sensitive Bourdon tube.
The output of gages provided by BRL and NOL was fed into magnetic tape recorders , the ‘I

Webster-Chicago and Ampex systems, respectively, being u sed by the two agencies. BRL used
a phase-modulated system , whereas NOL used a frequency-modulated system. The output of

• the SRI gages was fed directly into osciliograph type recorders.
The prc-~surc gages were calibrated staticall y in conjunction with the recording system

prior to the test. Complete details of the pressure gage installations are contained in the final
reports of Projects 3.28.1 , 3.28 .2, 3.28.3 tStruc tu~t s  I ns trume nt a t ion) .

2.2.3 Instrument Records f
NOL and SRI were each responsible for approximately one-quarter of the pressure gages

used. BRL handled all the other gages. ARF was supplied by NOL with the original playbacks
of the pressure records and pertinent calibration information . SRi supplied their records in
linearl y calibrated tabulated form. BRL was prepa red to put their records in final plotted
form , but they were requested to submit calibrated data in the form of tabulated values and
punched IBM cards. This was done in order that all the records would be presented in a
un iform fashion.

ARF contracted with Tele(~omputing Corp., Burbank , Calif. ,  to present all the pressure
records in final plotted form ac ording to specifications set down by ARF. This work con-
sisted of reading, calibrating, and plotting the NOL records in a l inear fashion and plotting
the SRI and BRL records from supplied data. These referred to only the individual pressure-
time curves from the variou s gages and did not include any averaging of the pressures on
cubicle faces.

With the exception of the pressure gages handled by SRI , all the instrument records were
recorded on magnetic tape. The signals were played back from the tape onto oscillograph paper
by the agencies in charge of the original installations. The records in this form exhibit certain
nonlinear characterist ics (e.g., the ordinate scale is markedly nonlinear) which made them
rather undesirable for purposes of interpretation and comparison. For that reason all the
records were reduced and presented in linear calibrated form.
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TAB LE 2. 1—Cithicle Shapes, Pressure Instrumentation , and Purposes

Instrument Height N : W: L Instrumenting
Structure channels (ft) ratios Remarks or purposes agency —

3.la 27 6 1 : 2 : 1  The basic 3.1 control structur e BRL
(4900 ft from nomina l GZ)

3.lb 16 6 1:6: 1 Nearly two-dimensiona l at BRL
center section

3.lc 10 6 1: 1 :1  cube SRI
3.ld 8 6 1 : 2 : 1 / 6  Thin wall Sill
3.Ie 6 iS 1:2:1  Triple size of 3.ta BilL
3.lf  5 12 1:2:1  Doublc si ze of 3.la SRI

3.lg 25 6 1 : 2 :1  To be oriented 22 ’4 deg . from URL
nor mal shock incidence

3.lh 25 6 1 :2 : 1  To be oriented 45 dog . from BRL
normal shock incidence

3.11 6 6 1 :2 :3  TrIple length (in flow direction SRI
of 3.ia) *

3.11 5 6 1: 2: 1/8 Shielding: two thin walls , ciose URL
spacIng (3 ft)

3.liu 6 6 1 : 2 :  1/6 Shielding: two thin walls , SRI
intermediate spacing (6 It)

3.ln 2 6 1: 2: 1/6 ShIelding : two thin wails , wide SRi
spacing (18 f t )

3.10 7 6 1: 2 : 1  Elevated version of 3.la: 21 In. BRL
above grade

3.lp 7 6 1: 2: 1 Elevated version of 3.la: 34 in. BRL
above grade

3. lq 11 45~ I : 2 :2 Tests three deviations from SRI
cubicle form

3.ls 24 6 1 : 2 :  1 close—in version of 3.la: NOL
intend ed GZ 1150 ft

3.lt 24 6 1: 2: 1 close—in version of 3.la: NOL
int ended GZ 2200 ft

• TABLE 2.2—Grouping of 3.1 Structures for Intend ed Testing of Various Effects

Effect of change in: Group of structures

Peak pressure 3.la , a , and t (Shot 10 only )
• Width 3.ta , b , and c

Size 3.ia, e, and I
Length 3.ta , d , and I
Elevation above grade 3.la , o, and p
Orientation 3.la , g, and h
Shielding distance 3.ld , I , m , and n
Incident wave shape 3.la , s, and t (Shot 9 only)

• (Mach vs regular reflection)
Shape (non-cubical forms) 3.lq
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TABLE 2.3 —Distribution of Gages with Respect to Surfaces

Nu mber of Gages on Surface
Height Sec. Sec. Sec.

Structure H :W: L (ft) Front Top Left Right Rear A—A B—B C—C Grade

3.la 1:2:1 6 8 9 1 1 13 0
3.lb 1:6:1 6 0 8 0 0 8 0 /

‘

3.lc 1:1:1 6 2 4 0 0 4 0
3.ld 1:2: ’/~ 6 3 0 0 0 ~ 0 . I3.le 1 : 2 : 1  18 1 3 0 0 3 0
3.1.f 1:2:1 12 1 3 0 0 1 0
3.lg 1:2:1 6 9’ 3 6 10b 8 0
3.lh 1:2:1 6 S~ 3 5

d 
~

s .~t
3.11 1:2:3 6 0 1 0 0 5 0
3.11 1 :2 : ’/~ 6 0 0 0 0 ~~8 

1
3.lm 1:2: ’4 6 0 0 0 0 1 5* ~~ 1
3.1i~ 1:2 : ’/4 0 0 0 0 0 1 1 0
3.10 1 : 2 : 1  6 1 0 0 0 2 (bottom) 0

4
3.lp 1:2:1 6 1 0 0 0 2 (bottom) 0

4
3.lq 1 : 2 : 2  4’,4 1 0 3 0 0 2 1 3 0
3.ls 1:2:1 6 8 7 0 3 6 0
3.lt 1:2:1 6 8 7 0 3 6 o
‘3.lg F 4 Gages Averaged , 3 Gages Averagedb3j g  R 3 Gages Averaged , 3 Gages Averagedc3.lh F 3 Gages Averaged, 3 Gages Averaged
d3.lh F 3 Gages Averaged , 3 Gages Averaged - 

-

‘3.lh B 3 Gages Averaged , 3 Gages Averaged
13.lh B 2 Gages Averaged, 2 Gages Averaged
~3.1l A—A 4 Gages Averaged , front of Wall No. 2

B—B 4 Gages Averaged , back of Wall No. 113.lm B—B 4 Gages Averaged, front of Wall No. 2
13.lm c—C 4 Gages Averaged, back of Wail No. 1
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Fig. 2.2—Locadon 01 structures at test site.
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Fig. 2.11 —Photographs of Structure, 3.11 (above) and o (below).
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Fig. 2.12 -S—Photographs of Structures 3.lm (above) and q (below).
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I

CHAPTER 3

~ -1PRETEST CONSIDERATIONS

3.1 INTRODUCTION

The blast loading of a structure Is a hi ghl y transient process generall y consisting in thefollowing sequence of flow phenomena.
First , the shock front reflects from the surfaces that face upstream . Then the shock frontmoves around the structure , di ffract ing so that the flow is carried to the surfaces which do notface upstream. The initial pressures created by the reflected and diffracte d shock are quitetemporary; a period of development of flow follows in which flow becomes established , ap-proaching to some degree the steady flow which would occur if the structure were exposed toa stead y wind. Then , as the blast disturbance dies out , pressures drop off to zero on all parts Iiof the s tructure.
if the blast wave is of rather long duration , these steps may be fairl y distinct on each sur- 

- 
-

face of the structure; with shorter durations , the decrease of pressure behind the shock front ‘
may follow the reflection and diffraction process so closely that development of flow patterns
and decrease of flow strength may occur simultaneously. Furthermore, in such a case the de-ct-ease of flow may be so rapid that new phenomena due simply to the flow deceleration maybecome quite pronounced.

If , instead of a shock front , the blast wave has a gradually r ising front (compression wave) .
the ref lection and diffract ion will occur but will differ somewhat.

The foregoing is intended as a basis for the interpretation and prediction of blast loads. Inthe foLlowing section s, a qualitative description of this sequence of phenomena is given for
sol id , rectangular blot-ks.

The period referred to above in which the flow is well developed and cori-esponds to theflow established by steady winds is cal led the “pseudo-steady-state” period . That is , thepseudo-steady_state period is the phase of loading during which drag forces act . As noted
earlier , this perIod might be eliminated if the wave duration is very short .

A section on terminology precedes the discussion on loading.

3.2 TERMINOLOt~3y

An attempt has been made to utilize terms and symbols throughout in the sense in whichthey are most generally used in the relevant-literature. Occasional departures or additionshave been made where sufficient reason seemed to warrant .
Some of the most frequently used words and phrases are defined below In the senses inwhich they have been employed. These terms are divided in to two classes. The firs t  grouprefers to shock characteristics , which may be defined without discussing whether obstaclesaz-c present in the flow , and the second group refers to the Interaction between shocks andstructures.
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3i.l Terms Not Associated with Structures
Shock Front : A very thin surface which moves through a fluid, accelerating and conipres~-

tag the fluid masse,4 which it crosses. Pressure, density, temperature, entropy, and velocity of
the fluid rise Instan taneously as the fluid is passed over by the shock front. This ts true of all
shocks moving Into still air; a blast wave is an example of such a shock. However, sonic set’-ondai-y shocks, which ar ise when shock fronts strike obstacles , travel into moving air with the
resul t that the fluid may be then decelerated when crossed by these shock (ront~.

Shock Wave (or Shock): The shock front plus the disturbed region following it . In the caseof a blast wave , pressure , fluid and velocity throughout the disturbed region drop off afte r the
front passes and ultimately but not necessarily at the same time , almost reach the ir origina l
at-rest values. A period of reversal of flow and of pressure below atmospheric the n disturbs
the air again but once more leaves the fluid in approximatel y its previous at-rest state.

Comp ress ion Wave: A disturbance which may be exactly like a shock wave except th at the
initial increase in pressure and changes in air velocity occur gradually rather than instanta-
neously. Explosions will , under certain conditions , create compression waves rather than shock
waves near the ground surface. The time for the pressure to rise to a peak is called the “risetime” of the compression wave. Alter the peak pressure is reached a compre ssion type blast
wave may be the same as a shock type blast wave.

Peaked Shock: A shock in which pressure and fluid velocity immediateiy begin to drop off ~
‘ -

after passage of the front . A typical case is the blast wave as discussed above under ‘shuek
wa ve.”

Flat-topped Shock: The variety of shock characterized by constant conditions of pressure ,fluid velocity, etc., for some time after passage of the shock front. The sho k wave ordinarily
utilized in shock tube experiments is of this type and is called a “flat-topped” shock in refer-
ence to the flat pressure-vs-time curve characterizing this wave. A flat-topped shock cannot
be maintained indefinitely unless energy in the form of high-pressure and high-velocity fluid
is continually supplied to maintain the region behind the shock front . ,

Side -on Pressure : Free stream , static , gage pressure at any point behind the shock front ,
measured from datum pressure in undisturbed air ahead of the shock. (The term “side-on ”
originated in early gage studies of blast in rhich gage faces parallel to flow were said to re- - 

-cord “side-on ” pressure, and gage faces perpendicular to flow were said to record “face-on ”
pressure.”

Overpressur e: Side-on pressure.

Rarefaction: A disturbance which moves through a fluid lowering the pressure , changing
the velocity, and Inducing change in other flow variables. A rarefact ion wave is the inverse of
a compression wave.

Shock Strength : The ratio of absolute pressure immediately behind (after passage of) a
shock (front ) to the absolute pressure In front of the shock.

One-dimensional Shock Fron t: A shock front which is a plane surface: the pressure be-
hind the shock front is the 8ame at all points that are equidistant from the shock front .

3.2.2 Terms Associated with Structures

Pressure: Used to refer to overpressure (i.e., gage pressure) unless the context clearly
indicates otherwise. Frequently, when the term is referred in reference to a surface of astructure , it means the average pressure across the surface. The predictions of loading give
onl y the average pressures or total forces on surfaces , never the pressure at a single point .
Hence , It is convenient to adopt the above abbreviated termino logy.

Normal Reflection: Reflection of a one-dimensional shock from a plane surface which is
parallel to the plane of the incident shock front .
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Clearing, Relief: Alter a shock front has created high pressures on a surface upon which
it reflects , these pressures must drop to lower values (e.g., to the wind pressure due to steady
flow impinging on the surface). This process of decreasing the reflected pressure is termed
“clearing or relief. ”

Front Wall: That wall which faces upstream , that is , toward the blast source.

Pseudo-steady Slate: The period when the flow on a given surface is well developed and
corresponds to the flow which would be established by steady winds. Pseudo-steady state does
not occur until after reflection of all shock fronts have been completed on tha t surface. Pseudo-
steady-state flow may commence at different times for different surfaces of a structure , e.g.,
for opposite sides of a wall. If the wave duration is sufficiently short , flow may be completed
so rapIdly that pseudo-steady-state flow is never established.

Peaked-shock Effect: A variation in side-on pressure along the length of a structure as a
resul t of the fact that the building length (in the flow direction) is a substantial percentage of
the shock wave length. When a structure is immersed in a peaked shock , at any given instant
after the pressure has built up on the rear , the rear surface is exposed to a higher side-on
pressure that is the front surface. This effect occurs particularly during the pseudo-steady-
state period when each surface of the building is exposed to drag pressure as a result of its
local free stream conditions.

Another type of peaked-shock effect is less obvious , but has been shown to exist experi-
mentally. Departures from pseudo-steady-state pressures have been observed on front and
rear walls after reflection , and diffraction effects have disappeared. These departures are in
addition to the effect described above and are probably caused somehow by the deceleration of
the flow in the neighborhood of the surface . When these decelerative peaked-shock effects
occur , pressures on surfaces facing upstream are lower than the ordinary pseudo-steady -state
valuds , and pressures on downstream facing surfaces are higher. This would tend to decrease
the drag.

Two-dimensional Flow: Flow which is confined geometrically so that particles can move ‘ -

only in planes; all planes in which particles can move are parallel to each other. Two-dimen-
sional flow occurs around an obstacle which is infinitely wide crosswise to the flow . It wil l
also be two dimensional in a rectangular duct (wind tunnel or shock tube) if an obstacle of tin -
varying cross section crosses the duct completely in a direction perpendicular to flow . Ap-
proximately two-dimensional flow will occur on the center section of a very wide obstacle.

Scaling: If flow tests of a model can be used to predict flow around a prototype structure ,
scaling of the flow is said to be possible.

Drag or Dynamic Pressure : Drag pressure or dynamic pressure is used to denote eithe r
the pressure head associated with the kinetic energy of the blast wave , ne., ‘/2pu 2 , or the portion
of this pressure head which acts on a surface causing the pressure to deviate from side-on
pressure by an amount that depends upon the drag coefficient,

Loading: The average pressures or forces which are imposed on a structure by a shock
wave. Whenever It is essential that a distinction be made , the context in which the term is used
indicates whether pressures or forces are referred to.

3.3 DESCRIPTION OF LOADING PHENOMENA

The loading phenomena described here for ProJect 3.1 are accurately known and are
rather general . The shock wave first strikes the front wall of a building (surface facing up-
stream), and reflection of the impinging portion of the shock front occurs , immediately raising
the front wall pressure to a value more than double the initial side-on pressure. Since side-on
pressure now exists at all points above and to the sides of the front wal l , rarefaction waves
immediately begin to move across the front surface from each exposed edge. These waves
Initiate the clearing process , which ultimately lowers the front wall average pressure from
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the reflected pressure to the pseudo-steady-state pressure , Le. , the instantaneous value of
side-on pressure plus the drag pressure on the front wall. The period taken for one sweep of
the surface by rarefaction waves is approxim ately one-third the period required to accom-
plish this clearing process. Subsequent to relief , the front wal l pressure drops to zero as
side-on pressure and drag decrease to zero.

Surfaces parallel to flow (roof and sides) are raised approximately to side-on pressures
as the shock front sweeps the length of the building . However , a vortex tha t is immediately
formed at all front face edges moves toward the rear , degenerates into turbulence , and car-
ries low pressures (below side-on) across at least part of the surface.

In three-dimensional flow these low-pressure regions on the top and sides of the block
would be exposed to zones of higher pressure: the zones lying between imaginary extensions of
the side walls and the roof. Higher pressure air in these zones can be expected to move into
the low—pressure regions on the roof and side walls created by turbulence , raising the pres-
sure nearer to side-on pressure.

The vortex and the turbulence on the roof may be considered as the wake created by the
sharp front corner . Thus, this wake may be expected to be less severe ii the corner is rounded
or if an opening is present in the front wall , permitting some flow to go inside rather than being
deflec ted around the corner.

When the shock fron t crosses the rear edge of such a rectangular structure the shock
travels down the back wall. This diffracted section of the shock is greatly weakened and
spreads pressures considerably less than side-on across this surface. A period of t ime much
longer than tha t required for sweeping by this diffracted shock must pass before the back wall
average pressure reaches its pseudo-steady-state value.

The structural types considered in the foregoing are those which have been studied most
extensively up to the present; however , the features of flow which have been described will be
encountered , to some degree , on all structures.

3.3.1 Sources of Basic Information on Loading

The precise form of a blast wave depends upon many factors, some of which are not well
understood at the present. The present state of blast knowledge leaves loading prediction s for
complex shapes somewhat inaccurate. Therefore it Is convenient to adopt a single standard
shape of blast wave for use in loading cal culations.

p
~

(t) = p0(O)e~~C (1 — x)

where x = t, t0 and c is a number which depends upon the height of burst and horizontal distance
from Ground Zero (see Chap. 5) and is introduced to allow the wave shape to vary somewhat.
This equation describes the shape of the positive phase of the wave in terms of peak over-
pressure and the duration of the positive pressure phase, If free stream measurements are
available , they can be used to determine the incident wave shape.

A number of other features of the blast wave, in addition to Its pressure variation with
time , are needed for the determination of the loads which this wave will create on a structure.
Among these, are the velocity of the wave front , the air velocity (not to be confused with the
velocity of the disturbance which moves faster tha n the air), the density throughout the wave ,
and the change in shape of the wave as it travels along the length of the structure. Some of
these quantities are computed from the pressure-time variation described above, by equations
in Sec. 3.4.1.

As far as the shock loading process Itself Is concerned, only some fac ts are certain. The
instantaneous value of reflected pressure on a surface facing upstream is well known for a l -

— most all angles of reflection. The diffraction process (the phase following reflection) has been
solved analytically for a few types of “inf inite corners . ” Solutions for diffraction and for de-
velopment of pseudo-steady-state flow around a two-dimensional rectangular block would be of
far greater complexity than these diffraction solutions which have been obtained at present.
Thua, the analytical solutions referred to above are not of great significance as working trends
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for analyzing real structures. Continuing work on the analytical approach may some day pro-
vide some knowledge of trends in shock-loading predictions (e.g. , the type of changes in loading
which result when the shock overpressure is changed). However , for the present , beyond the
initial values of reflected pressures , shock-loading determination must be based wholly on
experimental data obtained from simple shapes. To apply these data to complicated structures ,
the results must be interpreted by relatively few principles as to ~he behavior of compressible
flows and by intuitive speculation .

The major body of experimental data relevant to the loading problem has come from shock
tube tests , wind tunnel tests , and from instrumented structures exposed to actual blast waves.
Pressure gages mounted on the structural models record the passage of the shock wave over
the structure for both shock tube and full-scale blast tests. In addition , optical methods, such
as schlieren photography, shadowgraphs , and interferograms , are used with great success In
shock tube studies to record the various and often extremely complicated shock configurations
occurring in the diffraction phase of loading.

Presentation of pressure data in the form of individual pressure-vs-time records at a
particular point on ~ surface is of value principally for comparing sets of data from different
tests when one set of data consists of a few pressure gage readings (too few to obtain average
pressures over an entirs surface with the accuracy desired for the comparison). These corn -
parisons are used to study the scaling of pressures from very small to very large bodies.

Average pressure-vs-time readings on each surface of a test structure are the most
useful bases for developing predictions. This format can be used with data obtained by use
of the interterometer and with data obtained by various types of pressure gages if each surface
is gaged sufficiently to deduce average pressures.

The optical methods mentioned above are helpful as a supplement in the development of
predictions. Some of the phenomena which give rise to the pressures recorded by pressure
gages are seen quite clearly in shadowgraphs or schlieren photographs of the flow. When it is
necessary to speculate about the pressures which might occur on shapes which have never been
tested, it is sometimes easiest to imagine the phenomena which would be present (from in-
spection of shadowgraphs of other shapes) and to then assume the pressures which would be
produced by these assumed phenomena. This latter step, from phenomena to pressures, can be -
based in part on a comparison of shadowgraphs , showing phenomena with recorded pressure
profiles.

3.4 DISCUSSION OF DETAILED LOADING PREDICTIONS

The following discussion of the pressure predictions for normally oriented building is
taken from the Planning Progra m f o r  Air Force Structures Tests, Fina l Report , Part IV). The
discussion of the loading for the obliquely oriented models is taken fr om Study of the Effect of
Orientation on Dynamic Loading and Response of Structures , Final Report , AMC. The dis-
cussion of the loading for the structures in the regular reflection region is taken from the
Ad Hoc Analytical Services for  Physical Vulnerability Division , USAF , Phase Report III.

The general scheme Is to deal with the development of each prediction on the basis of the
structure and shock parameters. These predictions will be used to point out the areas of
agreement and disagreement by plotting the computed loadings and displaying them on the field-
measured loading .

As can be seen from Tables 2.1 and 2.3, some buildings were heavily instrumented and
others were not; therefore, the average pressures obtained by field measurements will in some
cases not be realistic. However , these loadings referred to in the above reports represent the
best estimates now available. It is instructive to graph the predicted and measured values of
the loading,
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3.4.1 Shock Relations

The following equations are necessary in order to perform numerical computations from
the symbolic load ings developed in Sec. 3.4.2. No attempt is made here to describe them
since they were developed in the GREENHOUSE report Blast Loading and Resp onse of
Structures, Repor t WT-87 and In the pretest report Plan ning Prog ram for  Air Force Struc -
lure s Tests. Final Report , Part L

The side-on pressure-time variations are approximated by

p0(t) p0(O) e Ct/t. (i — (3.1)

where c is given in Fig. 5.5.
The nominal drag pressure Is defined ant

p
d

(t) =2-p [u(t)]2 (3.2)

The initial value of drag pressure 
~~~~ 

can be expressed in terms of the side-on pressure by
means of the basic flow equation:

1/ 2iti ~p (0) = ‘
~~~~~~~~‘‘d 7p0 + p0(0)

It is assumed that the variation of drag pressure with time, pd (t) is given by the same equation
if ~~(0) is replaced by p~(t), I.e.

— 1/2Pp(t )2
.5 pd (t) 

7j~0 + ~ (i) (3.3) 
f -

~
If p0(t) is small compared to 7P0 ~ 103 psi, i.e., STP condit ions, an approximate relation for
Pd(t) is given by S

= 
~~~~ 

e —2C(t/t.) (1 — t/t1)2 (3.4)

where Pd(0) is evaluated from Eq. 3.3 at t = 0.
The shock velocity U Is given by

U = 422/ 1 + 
(3.5)

= 4 2 2 / 7 + O .41 pii~(O)

for standard atmospheric conditions.
The reflected pressure Is derived from the Ranklne-Hugoniot relations as

6 +
(3.6)

or in terms of p0(0) alone

2O6 + 8p~ (O) 
3 7

~r 103 +p (~~ 
( -

‘ where P1 = 14.7 psi.

tSee also Chap. 5.
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3 4 .2 General Considerations for Loading Predictions

The development of the loading follows the methods presented in the GREENHOUSE report
Blast Loading and Resp onse of Structures , Project 3.3 , Append ix I wherever possible. In addi-
t ion, results from the latest available literature and from large-scale field tests have been in-
cluded wherever It was felt that significan t improvements could be made. For example , typical
changes include:

1. Higher drag coefficients on front and back walls (and hence , larger total horizontal drag
forces).

2. Shorter build-up times on the backwalls of three-dimensional structures.
3. Selection of the condition of ‘~min imum turbulence ,” see GREENHOUSE report Blast —

Load ing and Response of Structures , Report WT-87 , as the most probable for three-dimensional
objects.

In addi t ion , new problems are raised , such as those of elevation , shielding, orienta tion , and
re-entrant corners. Some effects , for e~~mple . those resulting from orientation , have already
been touched upon briefly in the GREENHOUSE report Blast Loading and Re sp onse of  Struc-
lur e s, Report WT-87 (the shaped roof of the industrial type structure) and are treated here in
more detail with the help of wind tunnel studies on differently oriented blocks.

Other problems (e.g., shielding effect) are treated in this report on the basis of available - -

~information concerning the loading on related objects. The shielding problem is essentially
solved by considering a Princeton shielded block test and drag studies on shielded plates under-
taken by Eiffe l  and later by Nokkentved.

The loadin g schemes are subdivided as follows:
1. Cubicles resting on the ground and struck by the blast under normal incidence (Struc-

tures 3.la to e, e, 1, 1, s, and t).
2. Thin walls on the ground struck by the blast under normal incidence (Structure 3.ld

and the f irst  wall of 3.ln) . The walls of Structure 3.ln are separated by a distance equal to
three heights and the first wall is assumed to be unaffected by the second wall.

3. Structures elevated at various heights above the ground and struck by the blast under
normal incidence (Structures 3.lo and p). f -

4 . Shielded thin wails resting on the ground and struck by the blast under normal incidence
(Structures 3.11 and m and the second wall of Structure 3.ln).

5. Oblique structures resting on the ground and struck by a blast at an incident angle of
22 1 or 45 deg. between the plane of the shoc k front and the front face (Structures 3. lg and h). - —

Here the front face is considered the same face as for normal incidence , i. e., the 6 by 12-ft
face.

6. A special structure with re-entran t corners (Structure 3.lqJ .
7. CubicLes in the regular reflection region (Structures 3. is and t , Shot 9).
The loading schemes are presented symbolically in the form of graphs in Figs. 3.1 to 3.33.

3.4.3 Loadings on Structures 3.la to c, e, f, i, s, and t~
These structures rest on the ground and are hit by shocks under normal incidence. The

loading scheme follows essentially that developed in the ARF GREENHOUSE report , with the
improvements gained from interpreting the GREENHOUSE test results and latest literature on
diffraction and drag loadings. These improvements represent more recent values for the drag
coefficients and shorter build-up time on the back due to three-dimensional effects.

— 

t Stj- uctures 3.ls and t were in a heavy precursor zone , Shot 10. The revised method of
prediction Is given In Appendix A and Sec. 3.4 .9. For Shot 9 , Structures 3.ls and t were in the
regular reflec tion region and are trea ted in Sec. 3.4.8 .
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The recommended drag coefficient [or the front wall is

C~ ~~~~~ (3.8)

for the back wall it Is ,

C(ft) _ 1
2 (3.9)

and on the roof ,

Cdr ~r~~0.55 (3.10)

Figure 3.1 gives the loading scheme for the front and back surfaces , and Fig. 3.2 gives the
Loading for the roof. The net horizontal loading is the difference between the front and the back
loadings.

The follow ing equatIons are used in conjunction with Figs. 3.1 and 3.2.

~os ~~ 
(t) = Pa(t) 

~
b05 

= b~~ (t) = pa (t) — t p (1) (3 .11)

= r
05

(t) = p ,~ tP — 0.55pd (t)
~

In these figures f0(t), b0(t), and r0(t) are average pressures on front , back , and roof at any
time , t , during the loading. The expressions f

05
(t), b05 (t ),  and r 05(t) are average pressures on

front , back , and roof during the pseudo-steady-state phase. L is the length of the struuure in
the direction of flow ; S is the height or half-width , whichever is smaller; U is the shock veloc-
ity. The upper curve pertains to the thin wall (L S < 

1~~~) ,  and the lower curve pertains to all - :
other structures for which L/S > 

~~
. These curves serve as bounds for values of L S greater -- -~

than but less than 2-
To illustrate the use of Fig. 3.3 , let it be required to find the build-up time on the back

surface for Structure 3.is in which the ratio H: W : L is 1: 1: 1 and H is equal to 8 ft. Hence ,

S =~~~- = 3 ft

and the abscissa in Fig. 3.3 is

W 6

Now ,

-~

Hence, the lower curve must be used to obtain

I~=3.5

for

ZN 2
w

80

SECRET — RESTRICTED DATA 



- - - ---~~ -~~~~~~~~~~~--~~~~~~~~- .5

Thus, the build-up time on the back wafl is

S Sn~~~- (3.S)~jj

For p 7(O ) 13.5 psi ,

U 422 7 - ~ 6i~~~~ = 1500 ft ~ sec (from Eq. 3.5)

and the build-up time on the back is

n ~~ =
~~~~j~j  

= 0.00’? sec (3.12)

3.4.4 Loadings on Elevated Structures 3.lo and p

Structures  3.lo and p a r e elevated by distances AH - H  6 and ~ H = H- 2 , respectively
(Figs. 2.8 and 2. 11). The loadings on the front , back , and top are essentially the same as
those on the Structures discussed in Sec . 3.4.3 (Figs. 3.1 and 3.3). However , S (Fig. 3.3) is
replaced by S1, which is defined as the arithmetic mean of H 2 and the total distance from the
ground to the top of the block , i e . ,

s .=~~~(AH + H~~~~) 
(3.13)

where the form of the Eq. 3.13 is assumed to apply onl y for Structures 3.10 and p. For Struc- ~~. -

ture 3.lo , where ~ H H 6 , S1 becomes 5H 6 , and for Structure 3.lp, where ~ H = H 2 , S be-
comes H. The loadings on the front , back , top , and under side of these structures are given
in symbolic form in Figs. 3.5 and 3.6. Equations 3.11 are agaln applicable and in addition ,
jo 10( t ) ,  is the average pressure on the underside. The underside pseudo-steady-state av-
erage pressure is ~~~ as given in Eq. 3.14.

l~~ = l~ 5(t) = p~ (t) — lp d(t) (3.14)

The average pressure-time variation on the underside of the elevated structures is, in
general , assumed to be similar to the loading on the top surface. That is , the average pres-
sure builds up from zero to a peak value, decays to the pseudo-steady-state value , and then
maintains this value for the remainder of the positive phase. The characteristic build-up and
clearing times are taken to be identical with those associated with the top surface. The peak
loadin g on the under surface is deduced in the following paragraphs and stems from an analogy
with flow in a restricted channel.

Figure 3.7 shows a channel with a reduced cross section. The dashed lines illustrate how
thi s profile is assumed to represent the geometry of the elevated structure . From considera-
tions of symmetry, the center line of the narrow section is taken to be ground level since there
can be no flow across this surface.

When the free stream shock of strength ~~, reaches the dividing cross section o— 0 in
Fig. 3.7 , a shock of strength 

~r is reflected back in the upstream direction , and a shock of
strength ~ is transmitted through the narrow channel in the downstream direction. The higher
pressure , 

~ r ’ behind the reflected shock causes flow into the narrow channel. This relieves
the reflected pressure and gives rise to a rarefaction wave emanating from the throat of the
channel. Thus , the flow conditions shown in Fig. 3.7 are assumed to take place at some time
after the free stream shock reaches the reduced cross section.

If the assumption is made that the ratio of the cross-sectional area of the narrow section
to that of the wide section is sufficientl y small , then the reflected shock is essentially the
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same as that reflected from a plane wall. From the Rankine-Hugoniot relations , one can ex-
press the particle velocity u 1 behind the transmitted shock in terms of the transmitted shock
strength £~~. The particle velocity u2 associated with the rarefaction wave is known from the
theory of adiabatic waves. Thus, pressure, density, and particle velocity are related for the
wide and narrow channel sections.

The particle velocity behind the transmitted shock is g ive n by Eq. 3.15 (The Shock ’ Tube a - ’~
an Instru ment f or  Investigation of  Tra n sonic and Supersonic Flo w Patter ns , F. W. Geiger and
C. W. Mautz) .

(A — 1)(1 — -)
~u 7 = c0 ——

~~ 
- (3 .15)

~ l ) (A

where the pressures are defined in Fig. 3. 7 and are given in absolute values and

= sound velocity in undisturbed region

= 1130 ft sec

~~
_ cp 4c v _ 6

c p — c v

where c~ and cv are the specific heats of air at constant pressure and volume , respecti vely.
The particle velocity behind the rarefaction wave is given by

/p  \ 1
= c 1(A — 1) 1 —  I__I) (3.16)

- -

where the pressures are again in absolute values and c 1 is the sound velocity behind the re-
flected shock.

The following additional assumptions are now made concerning the flow shown in Fig. 3.7:
1. The values of the pressure and density behind the transmitte d shock and the rarefa ction

wave in the throat are equal , i. e., P2 is equal to P 1 and p2 is equal to Pi~2. The lines of Constant pressure and velocity in the rarefaction wave are concentric
semicircles emanating from the throat .

3. The particle velocity behind the rarefaction wave is proportional to the particle velocity
behind the transmitted shock , u 1. Thus ,

u 2 =Ku 1 (3.17)

where K is a factor of proportionality.
In order to justify these assumptions , it is again necessary that the cross-sectional area

of the narrow section be much smaller than that of the wide section. That is , in Fi g. 3. 7.

= << 1

If Eqs. 3.15 and 3.16 are substituted into Eq. 3.17 and the following definition is made

p0 m

then

= - l (1 - K ~~ ~m — 
1 )  (3.18)

~r ~m c 1 ~ 2 
~m ~

UNCU~SE~IE~~~~~~~~~~~
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The expression for the peak pressure p~, in the channe l ~~ P 1 Ps) , is independent of
the cross-sect ional area rat Io 

~~
. This is not surprising, considering the development pre-

sented above. The assumption was first  made tha t i~ was suf f ic i en t ly  small in order to assign
a known value independent of ‘i to the reflected shock. Thus , parameters of the t ransmit t ed
shock , which are related to those of the refle cted shock , must also be independent of ~~ .

However , fron t  physical considerations , one feels that  th is should nut be the case and that
some dependency on ~ should occur. C e r t a i n l y ,  as the channel assumes a constant ~‘ross sec-
t i on ( i  .e’. as 17 — 1), the pressui-e p 1 becomes the side—on pressure p,~. On the other hand , for
values of t~ su l t i c i en t ly  small , the pressure p 1 g iven b y the above analysis is assumed to apply.

As a f i rs t—order  approx i t n at  ion , it is suggested that  a linear dependency on ,~ be i ncorpo-
r ated Into t he exp r ession (or p~. That is . the actual peak pressure 

~ni in the narrow channet is
to be g i ven by

Pm p~(l - ~ p,,~ (3 .1 9)

Equation 3. 19 has the property that  - as i, becomes very  small (but remains Fi n i te ) ,  
~ m ..

~fr

apit roaches p .  On the ut hi ~ r hand , as i~ app roac h es  un i ty .  P m approaches p0 -

Due to mul t ip le reflections , the value of the constant K in Eq. 3.18 must  be such that  the
overpressure P t ~n the channel turns  out to be Ia r~~t ’I -  than the incident side—on pressure , p ,
With today ’s state of knowled ge , however , K cannot be ded uced fr on t  theoret ical  con side rat i t t i is
a lone and thus must lie obtained ei ther  f ron t  shock t Ut)e ’ or h a rge— scale field tests . From the •

r esi t i  t s  in Shots 9 and 10 on Stru -tures 3. to and p~ one find s approx imately ,  K 0.65. 11 th i s
V .I IU ( ’  Is substi tuted int o Eq. 3.18 . one obtains Fig. 3.8 as the solution of Eq. 3.18 (or the ratio
of th e peak pr essure in the channel to th e i )uts ide (We rpressu r.’ . p~ -Inspection s.d l:tg . 3.8 shows that , fo r the range ot i’ver pr essu re s considered in this  report .
an average va lue for p 1 may be taken as

p 1 1.25 p ,

The n Eq. 3. 19 may be Fur the r  s impl i f ied  as

P
p ~~

‘ (5 i~~) (3.20 )

The value of 
~m given by Eq. 3.20 is the n taken to be the peak pressure act ing on the

under sIde of the elevated structures .  For Structure 3. lo

AH H 8  I
AH ~ H (H 6 1 $  H 7

and for St ruetur e  3. i i> - 
-

H 3  1
~ (H 3 )t H 4

Thus , front Eq. 3.20 , the peak pi ’essure for St ruc tu re  3. In is

1.21 p,~

and tha t  for Structure 3 . ip is

~m I . 19 p,,

TI ,’ 1u sd l i ii :  on I he bottun i of the elevated structure t s ’ahown symbol kit l i  v u t  Fit: .  3 ,8.
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The drag cot. nt for the bottom part is deduced from wind tunnel studies on flow
thr ough a similar opening. It seems , in general , that the drag coefficients Cdr are closer to
— l  tha n to —0.55 , the value used on the roof surface , and the former value is given in the
symbolic loading of Fig. 3.6.

3.4 5 Loadings oi Thin Wall Structures

3.4 .5. 1 Structure 3 .ld and Upstream Wall of Structure 3.ln
The stud y of Cringe-shift  diagrams behind a thin wall (Th e I) i ff iae t ion  of Shock Wat-es

A round Obat ~~-lu ’s and the Resulting Transient Loading on Stru ctures , W. Bleakney) shows that
at a time equivalent to that necessary for a shock to cover Fwice the wall separation of ~ = 3H ,
the wave reflected from a second wall probably will not reach the f irs t  wall because a large
vortex breaks up the flow. (This is true at least for the two-dimensional cases.) Hence , for
A = 3H the Influence of shielding is considered onl y in so far as the downstream (second) wall
is affected by the upstream (f i rs t )  wa l l .  The inverse influence is neglected , and the front wall
of 3.ln is considered free.

The drag coefficients to be used are those listed in Sec. 3 .4.3 , and the build-up time on the
back Is accel erated by the three-dimensiona l effects discussed there and shown in Fig. 3.3.

The schematic Load ing is shown in Fig. 3A for the front and back loadings . The value of
ii for the bat- k loading is obtained from the upper curve of Fi g. 3.3 and is found to be ii 4 for
the structures under consideration. The net horizontal loading is obtained by subt rac t ing  the
loading on the back wall from that on the front wall. Eq. 3.1 1 defines these loads , f~ 5( t) and
b05( t).

3.4.5.2 Structures 3.11 and m and the Second (Shielded) Wall of Structure 3. in ~~. ~

These sets of two th in walls at various distances apart are included in the tests for the
purpose of investigating the ef fe -t of shielding. (See Fig. 2.9.)

(a~ Structure 3.11. For Structure 3.11 , A is equal to H 3. The loading is deduced from the
Princeton thin wall (Th e Diff raction o Shock Wares A round Obs tacle s and the Rt ’sult ing Tran-
sient Loading Of l Structures , W. Bleakney).

The loading on the front of the first wal l is the same as that on a free wall.  The strength
of the shock traveling down the back of the f i r s t  wall is apparentl y about one-quarter that of
side-on pressure , and this shock is reflected from the bottom . From the time of this  re-
flection , the additional t ime requtred to reach the pseudo-steady-state time is deduced from
the Princeton double block as t = 813, U. It Is assumed that the loadings on the back of the first
wall and the front of the second wall are the same.

The loading on the back of the second wall is considered as the average of that of a bloc k
of H :  L 1: ~ and that of a free thin wall. Front Fig. 3 3 , th e build-up t ime is

~ 
i (2s ÷ 4s) 

(3.21)
- 38 3H_

U U

The drag coefficients as deduced from Nokkentved (Wind Pr essure on Building s , l~ p e~ i--j mental Researches , J .  0. V. Irminger and C. Nnkkentved) and others are for the f i rs t  wall

C(u 
- (3.22)

C1~ = -- (3.23)
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and for the second wall they are

Cdf z 
4 (3.24)

Ceth = —
~~~ (3 .25)

The loadings are given in symbolic form in Fig. 3.8 for the front and back of the f i rs t  wall
and In Fig. 3.9 for the (runt and back of the second wall. Both the f0~ terms have the form of
the expression . i~~

(t) ~ C~ip s.i (t) using C1t from Eq. 3.22 and 3.25.

(b) Structure 3.lm. The di f f rac t io n  loading is deduced from the Princeton double block -
,

for Structure 3.lm , where t h e  distance A is equal to H. It is possible that , for times later than
those shown in the Princeton double block , the vortex behind the upstream wall affects the front
of the downstream wall , but this effect is neglected since it is believed that for the three-
dimensional problems the “minimum turbulence ” case prevails.

The pressure on the front of the f irs t  wall Is assumed to be the same as if the wall were 
- 

-

free. On the back of the wall the pressure rises linearly to roughly the same value as tha t on
the front at the t ime , t = 413 u , i. e., b0(4H - U) ~ f 05(4H U),  and then drops in an additional 2H U
units to the pseudo-steady-state value for the back.

The pressure on the front of the second wall was greater than the side-on pressure but
was not so large as the fully reflected pressure because the shock front was weakened as it was
diffracted around the f irs t  wall. Results from the princeton double block (Th e Diff ractio n of
Shock Wares A round Ohsta clt ’s and the Resulting Tr a ns ient Loading on Structure ’s , W . Bleakney)
suggest that the pressure be taken as the ntean value of side-on and reflected pressure and tha t - -

it drops to pseudo-steady state in 613 U time units.  The pressure on the back of the second wall
is assumed to be the same as that on a free wall .

The drag loading is again deduced from studies such as that by 3. 0. V. Irminger and C.
N~kkentved in Wind Pre ssur e on Buildings , who show that , even at A = 11.5 13, the drag Co—
efficient  on the front of the downstream wall is st i l l  negative , which could lead to a net force
in the upstream direction on the downstream wall. Only for very large separations can the
second wall be considered free. The values of the drag coefficients for the first  wall are

C111 = 4 - ~ - (3.26)

(3.27)

For the second wall they are

C11f = - (3.28)

C~~ (3.29)

The loadings are given in symbolic form in Fig. 3. 11 for the front and back of the first  wall
and In Fig. 3. 12 for the front  ~~~ back of the second wall. Again f 0ç and b0~ are of the form ,
p0(t) Cdpd(t ), using eqs. 3.26 and 3.29 for C11.

(c) Structure 3 .In. For Structure 3 .ln , A u s equal to 3H. The f lu -st  wall is considered free
as it is in Structure 3.ld (see Fig. 3.4). For the di ffraction phase , the second wall is con-
sidered unshielded , and the only effect of shielding on the structure appears in the drag phase
on the second wall. A heavy vortex behind the fir s t  (upstream) wall probabl y prevents the
shock reflected from the second wall from reaching the f irs t  wall . Again , the effect of this

~~~~~~~~~~~~~~~iE~~
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I

vortex on the fron t of the second wall Is neglected , since it is believed that in three-dimen-
atonal problems “minimum turbulence” effects are predominant,

The drag coefficients for the second wall , as deduced front N4kk entved and Irminger in
Wind Pressure on Buildings, are

= —
~~

- 
(3.30)

(3.3 1)

The loading on the second wall is given in symbolic form for the front and back surfaces in
Fig. 3.12. By using Eqs. 3.30 and 3.31, f~~ and b 05 are of the form given above.

3.4 .6 Loadings on Oriented Structures 3.l g and h

These structures are included to determine the effects of orientation. Structure 3. i~ has
an tntented ang le of incidence 9 = 22 1 2 deg. between the planes of the shock front and the front
face. For Structure 3.lh , the intended angle of incidence 0 5 is 45 deg. These angles provide
check points for the general loading method of oriented structures.

The general loading notation has already been given in Sec. 3A.1. Figu re 3.13 il lustrates
the geometry of the shock-loading problem for a building at various orientations. The ang le , ~) .
of orientation is defined as the angle between the normal to the smal l face and the norm al  to
the approaching shock front. The width of the small face is a and the leng th of the s t ructure  

- -(the width of the large face) is b.
Values of Cd the drag coefficients for the various faces of the structures which are used to

compute the pseudo-steady-state drag pressures are found in Figs. 3.15 and 3. 16. The y are
given as a function of the orientation angle.

3.4 .6. 1 Limitations

The loadings given in this section apply onl y when the following conditions are satisfied :
(a) Shock Wave. 1. Peak pressure: ~ < 2.5; (or standard atmosphere Pr (0) -~- 22 Pni~2. Duration relative to building height : The equation for which is

= 50 (3.32)

3. Shock front: The front must be a plane vertical surface and must not be a compression
wave.

4. Flow behind shock wave: The pressure must vary smoothly throughout the entire dura-
tion of flow, No secondary shocks or secondary compression waves are included.

(1,) The Structure. 1. Shape: The structure must be a solid rectangular block (without
openings), the walls must be relativel y smooth , and the three dimensions (see Fig . 3.13) must
satisfy the inequalities.

H 5~ — a ~~~6H (3.33)
H 5 ~~~b~~~6H (3.34)

2. Size relative to wave duration.

(c) Scope. The effects of vortices on the side walls and roof have not been included in this
loading method . Experimental evidence Indicates that this is not an important omission. In the
computation of net forces the effects of vortices tend to cancel out.
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3.4 .6.2 Drag Loading

The regular equations expressing the pseudo-steady-state drag pressure for the various
3.1 structures are also used for oriented structures. The effects of orientation are taken into
account by making the drag coefficient vary with orientation angle.

The curves plotted In Figs. 3.15 and 3.16 give approximate values of the drag coefficient
Cd for rectangular solids at various orientations relative to the flow . The curves are based on
data given by Chien et al. in lVind Tunnel Studies of Pressure Distribut ion on Elementary
Building Forms and by Irminger and N~kkentved in Wind Pressure on Buildings , Experimenta l
Researche s . The first of these references gives data for nine different  shapes at 0 , 45 , and
90 deg; the second gives data for a single shape at 15-deg intervals. The Irm inger data were
used to determine the general shape of the curves , and the Chien data provided the numerical
values at 0, 45 , and 90 deg.

Before construction of the curves described above , the data were simplified by averaging
values , so that , instead of separate curves for each of nine discrete shapes, two sets of curves
were drawn (Figs. 3.15 and 3.16) which apply approximately over a range of rectangular shapes.
The block shapes used in establishing Figs. 3.15 and 3.16 had dimensions in the ranges 213. 3 ~
a ~ 2H and 213/3 ~ b ~ 813. Hopefully, the figures have been applied over the somewhat dif-
ferent range of shapes treated here.

H 5  a ~ 6H (3.35)

and

H - 5  ~ b ~ 6H (3.36)

The average values given in the figures at 0, 45 , and 90 deg are equal (within 0.1 unit on
the C d scale) to the values obtained for any particular shape from Chien ’s report. However , 1’disagreements between the Chien and the Irminger data for the 2:  1: 1 high block antount to
over 0.2 unIt in several instances; therefore , the values in Figs. 3.15 and 3.16 are probably
moderate approximations , at best. I 

-

3.4.6.3 Diffraction Loading

Calculation of the diffraction forces consists again in simply computing the coordinates of
the points shown in Fig. 3.17. The curves with the peak desi gnated by “Q” applies to the two
front faces 1 and 4 . The coordinates of this curve must be found for each front face. Similarly,
the other curve applying to the two rear faces 2 and 3 must also be computed for each of these
faces.

As the shock front diffracts over the edge of the structure formed by faces 1 and 4 . the
pressure builds up on these faces until  the entire face has been swept. The time consumed is
then for face 1, (a sin 9), U and for face 4 , (b cos A) U. At the end of these times the pressure
on the faces is Q, which is computed using the formulas in Table 3.1.

The clearing process is completed in an additional t ime 3S U where for Structures 3.Ig
and h , S = a/2 for face 1. and S b - 2  for face 4. At the end of a total time La sin A ~ 3(a 2)] U
for face 1 and [b cos 9 + 3(b/2)I~ U for face 4 , the pressure reached the steady-state drag value
of

The rear faces 2 and 3 start their pressure build-up precisely at the time the peak pres-
sure , Q, is reached on faces 1 and 4 . As the shock front proceeds toward the corner formed by
faces 2 and 3, the average pressure on the rear faces increases to the pseudo-steady-state
pressure b05(t).

The loading curves are then obtained by connecting the computed coordinates with straight
lines and drawing in the f 0~(t) and b0~ (t) curves.

The pressure variation on the roofs of Structures 3.lg and h Is similar to that on the roof ,
a structure at normal orientation except that the build-up of the force Is no longer linear ,
since equal areas are not covered in equal Intervals of time. However , this variation will not
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TABLE 3.1 — Pressure Computation Formulas

Time t Average wall pressure

Front face 1

a sin 
~ Q = f 8(t) + (i 

~
) i~~r 

— f 0 5( t ))

a sin 9 + 3(a/2) f tU

Front face 4

b cos 9 Q f~~ (t) 4~~~~~ [P r~~ f os (t) J

b c o s 9+ 3 ( b /2 )  f tu os (
~

Rear face 2

0 0
a sin ~ 0

u

[a sin 9 + b cos n (!.~) ~-sin 

~i b 05( t)

Rear face 3

0 0
b cos 9 0

[a sin G + b cos O

~

+ n (i _~~~)~~ cos 0] 
b 05(t)

Roof

0 0 1:.
a s ln 9 + b c o s 9 r09( t)
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affect the total vertical impulse significantly . Thus the build-up is taken as an approximatel y
straight line from zero to the steady-state value in the time the shock wave has swept across
the roof , (a sin 8 * b cos 9)/U. From then on it follows the pseudo-steady-state curve r (t).
The drag coefficient Cdr was found by Chien et al. to have a value of Cdr —1. The loa~~ng
picture is given in FIg. 3.18.

3.4.7 LoadIngs on Irregularly Shaped Rectangular Structur e 3. lq

This structure is especially designed to measure the pressure multiplication in re-entrant
corners (FIgs. 2.10 and 3.20).

In corners 1 and 2 of FIg. 3,20 , the shock enters under normal incidence. The only dif-
ference between the loading In such a corner and that on a free surface is the longer relief
time for the corner. This 18 a consequence of the longer distances which the rarefaction waves
originating at free edges must travel to bring instantaneous reflected pressures down to side-
on pressure.

In corner 3, however , the shock enters in a manner similar to that observed in the region
between the Princeton double block (see Fig. 3.19). The shock front , reduced in strength be- .5

cause of the diffraction around the first block , enters the corner under oblique incidence. It
is shown in Appendix D of Planning Progra m for  Air Force Structures Tests, Part I , Final
Report [Contract No. AF33(038)-30029], that the reflection coefficient rises above that of nor-
mal reflection and Is approximately

!~~~= i + ~~’+  (~*)2 + (~*)3 (3.37)

where ‘arc is the reflected pressure , p~ Is the local incident side-on pressure , and ~~ * is the
local inc ident shock strength. The pressure p~ is roughly 25 per cent of the incident side -on
pressure.

The loading on this structure will be similar to tha t on the Structure 3.la (Figs. 3.1 and
3.2), except for the re-entrant corners 1, 2, and 3 (FIg. 3.20). For this reason , the loadings on
the back and top of Structure 3.lq are assumed to be those shown in Figs. 3.1 and 3.2, re-
spectively.

The loadings on the front wall and the re-entrant corners are given graphically in Figs.
3.21 to 3.23. The loadings on the eaves above corner 1 are given in Fig. 3.24. In these fig-
ures, t 0 refers to the time when the shock strikes the front wall. The loadings are de-
duced below.

3.4.7.1 Front Wall

The pressure drops from instantaneous reflected pressure , 
~r ’ to pseudo-steady-state

pressure , - 
-

b os (t) = p a(t)

in the time

(3.38) 
.5

Note that

H = 
~
. (W’ + + W 1 + L1) . (3.39 )
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so that relief takes place in the same amoun t of time from side to side as (torn top to bottom . - 
-

The pressure Is assumed to follow the pseudo-steady-state values as shown in Fig. 3.21. - , 
-

3.4.7.2 Corner I

This re-entrant corner Is equal to a rectangular box with a 100 per cent opening . Therelief time Is taken as

(3 .40)

since the rarefaction waves have to cover an additional distance L~ from the free edge to re-lieve the pressures in the cavity. This relief time is longer than that for the front wall ( seeEq. 3.38). The symbolic loading is also shown in Fig. 3.21. The pseudo-steady-state pressure ,f 08(t) , is the same as that given by Eq. 3.38.

3.4.7.3 Corner 2

The loading in this corner of height H and width W2 is analogous to a front wall of height W2and width H. The pressure drops from the instantaneous reflected pressure , 
~ r ’ to pseudo -steady-state pressure

f
08

(t) = p~ (t) +
4 pd (t) ‘

.5

in the tlxne

t = !~ü~
iz
~ (3.4 1)

Since this corner is two-dimensional , it is quite possible tha t a vortex originating from the.5 front wall will reach the corner after the pressure there is relieved to pseudo-steady state.In this case, the loading which is predicted to follow the pseudo-steady-state curve can be con-sidered an upper bound (minimum turbulence case), Fi g. 3.22.

3.4.7.4 Corner 3 
.5

The corner as a whole is two-dimensional , and the average load ing is not corrected forthree-thmensionality near the top. The loadings are deduced from the Princeton double blockand are similar to those for the shielded structure shown in FIgs. 3.11 and 3.12. The loadingon the upstream face builds up almost Instantan eously to a rc’ derived previously, which is forthis case approximately equal to

f ,(t) = 
+ 

~r 
(3 .42)

at

U .5

and then drops to pseudo-steady state in an additional 8 W3, U time units , differing from theloading on the shielded wall (Fig . 3.12) which was corrected for three-dimensionality . Fromthat t ime on , it follows the pseudo-steady-state curve

f 05(t) p~ (t) + j P d(t) (3.43)

uNcLAs~-:~ ° 
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The loading on the downstream face builds up to

b0(t) = f ,(t) (3.44)

at

t _ ~~~+~~1
U U

and then drops to the pseudo-steady state , boe, in an additional 4 W3, U time unit. The pseudo-
steady-state values are taken , as in Fig. 3.11, as

b08 ( t) = p0(t) — 
~~

- Pd(~
) (3.45)

It follows this value to the end of the first positive phase Fig. 3.13,

3.4.1.5 Eaves

(a) Outside Pressures. The outside pressure , r0 ( t ) .  builds up to the pseudo-steady-state “ -

pressure , r08( t) ,  at the time where t = L 1 U
Pa

r0~ ( t) p~ (t) — 0.55 p d(t) (3.46)

(b) Inside Pressures. The inside pressure is equal to outside pressure until  the time t =

L 1 ~U , after this time it builds up to P r in an additional L 1 U units , because the wave is reflected
from the front wall ,

r 1( t) = Pr (3 ,47)
‘.5 -
.

at

U

It then drops to pseudo-steady-state front pressure , i. e., r t~ ( t l - f ,,~ (t ) . at the time given in
Eq. 3.40 , i.e., in 3(L 1 -

~ 
H) U time units and follows this value unt i l  the time t to

r 1 ( t) = p0(t) -+ 
~~d (t) (3 .48)

from this time on , the net pressure on the eaves is

r ,3(t) — r oe (t) = 1.25 pd (t) 
.5 

(3.49)

acting In an upward direction.

3.4.8 Loading in Region of Regular Reflection , Structures 3.ls ‘and t (Shot 9)

General methods for computing loadings on a closed building whose width is equal to or
greater than twice its height are given in the P lanni ’ag Progra m f o r  .4ir Force Structur es Tests,
Final Report , Part V. By using this method , charts have been prepared which facilitate loading
computations for the case of an atmospheric pressure equal to 14.7 psi. These charts were
presented in Phase Report Ill , Ad Floe Ana l vUcal Services , [Contract No. AF33(600)-25583 I .
An explanation of theSe charts and their use is given below. In order to compare regular re-
flectlon region loading with Mach region Load ing , a method for computing loadings on closed

91 

— —.5 - .5— — - .5 --—.5--.- —.5--—-- .5-.-— -—- .5- ‘~—-.——-- . -~~~~~~~~~~~~~~ - - - ~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. . - - - ~~- - -  —



—.5- --. - - .5

buildings In the Mach region when the abnospheric pressure is equal to 14.7 psi is also in-cluded in Fig. 3.28.t
The flow field which results when a blast wave strikes a horizontal surface obliquely ispresented in Fig. 3.25. RegIon 0 is the ambient gas at rest which is being overrwi by the m ci-dent shock wave of velocity U. Region 1 Is the typical free-space blast wave region , which hasa peak over-pressure p ,(0) immediately beh ind the shock wave.The incident shock wave , which strikes the ground (horizontal surface) at an angle a , isreflected as another shock wave (the reflected shock wave) which moves upward into region 1and creates behind It a region 2. The peak overpressure in region 2 Is p~(D) and exists imme-diatel y behind the reflected shock wave. The reflected ove~pressure , as measured along theground , is assumed to vary according to the law :

Pa(t) ‘
~~a~

0
~ 

e ”(~t/t L 1

which is the same as a typical blast wave in the Mach region. The wave shape factor , c , isshown on Fig. 5.5, as a function of scaled height and scaled distance from Ground Zero. 
. IThe relation of 

~~, a , and p~ is shown on FIg. 3.29. The scheme of Fig. 3.28 applies untilthe Limiting angle of regular reflection is reached. This angle is given in Fig. 3.30 as a func-tion of shock strength , ~~.

— 

tMthough the atmospheric pressure at the test site is 13.2 psi , the loading schemes donot introduce any appreciable errors , since 14.7 — P1 c< 1/14.7, The drag pressures, how-ever , are computed for the actual value of the atmospheric pressure P, 13.2 pal.
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Fig. 3.2—Avera ge pressure on top of Structures 3.la to c, e, f , I , s, and t.
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Fig. 3.4 — A v e rage pressure on front and rear of Structure 3.ld and first wall of Structure 3.ln.
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Fig. 3.l—Anaiogy between flow through channel contraction and flow wider elevated structures;
= absolute pressure behind reflected shock of strength , 

~rP2 = absolute pressure behind rarefaction wave
Pi r absolute pressure behind transmitted shock of strength . f.~= particle velocity behind transmitted shock
u2 = particle velocity behind rarefaccion wave

A1. A2 = cross-sectional area of wide and narrow channe L sections, respectiv el y.
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Fig. 3.13—Geometry of problem for shoc k loading predictions on block at various orientations.

ffcn’T RuTN I~ TIg 

~T*Uf~LASSIFIED



ii

~~~

• _ •

~~

I

i~ 
•

‘I

_ _ _ _ _  _ _ _— -____ i
0
~

4 
0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(1 — 

~ 
) ‘ (T - ~ )) •

~ij~sstaEO ~~~~~ 

-

~~~~~~~~~~~~~~~~

• --
~~~~~~~~~~~~



I

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _  _ _ _  
0

b~~~~~~~ 
__ 

I

_ _ _  ~

_ 
~~~~~~~

7\

l~~~~~~~~~~~~~ 

I

_ _ _  _ _ _ _  _ _ _ _  

~ I
_ _ 

_ _  _ _  _ _  _ _  _ _  _ _  

U
‘

I

/ _ 
0

•

~~0 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~

101

L. -—



I

—~~~~
o~~D~~ —

~~~ j  V I°
— 

~~~~~~ 0® - 
~~~~ V l .c -
~~~~ ,,~~~ .E

Q~~ 
C (fl .-. -x

~~ .c °’j — H

~ - -R i
~~~ 

•
~

•• • ••• •--- -
~~.~~~O u,vI~~° b~

t
• • •• • •• • •

• •• •

- J 
/ ~:

I__ 
•

p3 oV~a

102

JINCiASS:~9EDr”~ 
:—: , =:~~~: 

__

• • • _ _ _ _

—• -- -- .
~~~

• • • 
-~~~— • •- • —- ..-~~~- ••—- ~~~~~~~~~~~~~~~~~~~~~~ • _.

~••~~t__•• •
__

~~~~~ )* ~~~



_ _ _ _ _ _ _
_ _ _ _ _ _ _ _ _  -

~
—

~~
-
~~

-—--—--

Q ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TIP~~, t (see) 
:- .

Fi g. 3.17 — D i ftr a c t ion loading pr edicti ons for ~erticai walls of Structure s 3.lg and h.

r

o 9 !~f l 9 . b c o s 9
U T IME, t ( see)

Pig. 3.18—Average pressure r n  top of Structures 3.1i~ and h.

103

-‘~~~‘ T  *IUJ IET !B

~~~~~~~~~ • •~~ • ••- • •--- • •~‘~ l •



• - — —.-—--

incident
shock

Fig. 3.19—Shoc k entering true re-entrant corner.

1•
~ 

• 

£...___....ji..TLi 
~~~

N ®lI~~~

/7/ //7/_777

Pig. 3.20—No”ienc lature for Structu re 3.lq.

• 104

SURIT flUTRI~~T~ B BATA —

UNCLASSO 1(11
• _____ 

• •• • — • 
- -  

~~~~~~~

•

~~~~~~~~

- • - 

~~ 

—



o 3H 3 ( H s L ,)
U U U

ii,
PIM~ , t ( sec)

Pig. 3.21—Avera ge pressure on front wall arid corner 1 of Structure 3.lq.

I f01(tJ

a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :1
o 3W,* L 5

U U TI~~~, t (see)

Fig. 3.22—Average pressure in corner 2 of Structure 3.lq.
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CHAPTER 4

POST-TEST ANALYSIS

4.1 INTRODUCTION

In this chapter , which presents the post-test analysis, the reduction of data into special
forms for comparison with pretest predictions is discussed. Basic pressure curves , such as
free stream or side-on pressures , and computed forms of the dynamic pressures are dis-
cussed before dealing with the records of gages located on the test buildings. The evolution of
pressure-time curves from the individual gage records into average pressures , net average
pressures, and other forms of normalized pressure-curves is presented and discussed. Corn-
ments are made upon graphical comparisons between pressure records from shock tube tests r-

• and other large scale field tests, as well as between various gages throughout the 3.1 series
of structures.

Diffraction phenomena on the structures, such as the build-up of pressures on rear sur-
faces, the influence of vortices, and the time required for clearing of the front surfaces , are
discussed in detail. In addition to the pressure-time curves, various types of quantities, de-
pending upon the phenomena under study, such as diffraction and drag impulse curves , are
used to present the results of the test. The effects of the variation of the individual param- a

eters, such as width, length, and size, which were among the original objectives of this test ,
are each treated separately, and additional observations are discussed in detail.

4.1.1 Basic Pressure Curves

Chapter 3 gave loading predictions for the various structures in schematic form applicable
to a wide range of shock conditions. In this chapter the experimental results are studied and
are compared to those predictions. It is necessary to determine numerical values for the
shock parameters, such as side-on pressure, wave shape and duration, and orientation or
shock direction, from which all the necessary quantities used Err Chap. 3 can be computed.

4.1.2 Free Stream Pressure

The side-on pressure, wave shape, and duration were determined from the readings of the
free stream gages located near the structures. Figures 2.1 and 2.2 give the locations of these
free stream gages. Figure 2.1 indicates the position of the actual Ground Zeros for Shots 9 5

and 10 from which the orientation or shock direction is readily determined. There were five
free stream gages located along the arc at a distance of 4900 ft from intended Ground Zero, -

•

spaced well between the structures so as to be relatively free from the disturbing effect of
possible reflections. For Shot 9, for which the actual Ground Zero was over 800 ft to one side
of the intended Ground Zero, the five free stream gages on this arc were at varying distances
from the bomb source and might be expected to give different results for both side-on pres-

• sure and wave shape; for Shot 10, these gages were, for all practical purposes, equally distant
from actual Ground Zero.
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The pressure-time records for the free stream gages at ground level, on both Shots 9 and
10, are given in Figs. 4 .1 and 4.3. These figures show the deviation of free stream pressures
among the gages BA, BB, BC, BD, and BE to be less for Shot 9 than Shot 10 (about 0.3 psi for
Shot 9 and about 0.6 psi for Shot 10). In fact , except for the first 15 msec , the difference in
pressure between gages is not too much greater than local fluctuations in pressure measured
by the individual gages. The curve for Shot 10 shows a very slow rise in pressure for gage
BB during the first 100 msec such that It differs by from 20 to 50 per cent from the average
of the remaining four gages. Therefore the reading of this gage was disregarded.

In addition to these free stream gages located at the ground, some gages were located at
elevations up to 10 ft above ground at these same locations. Table 4.1 gives values of peak
pressure at various heights. Figure 4.2 typifies the relation of pressure readings to the ele-
vations of the gages. The initial side-on pressure was from 1.0 to 1.5 psi higher for an in-
crease in elevation of 10 ft above ground Level.

TABLE 4.1 ——Peak Pressure in Vic inity of
3.1 Structures at Various Elevations ’

Peak pressure Height above ground
(psi) Ut)

6.35 0 H6.4 2
7.4 5
7.6 10

‘Operation UPSHOT-KNOTHOLE, Pre- p
l im in ary Repo rt . Summary Report of the
Technical Director , Programs 1 -9 (1953),
WT-782.

The duration of the positive phase, t , used throughout this analysis was 0.92 and 0.88 sec
for Shots 9 and 10, respectively, except for Structures 3.ls and t. Figures 4.1 and 4.3 show the
variation of pressure during only the first 0.7 sec of the duration since, beyond this time, no
significant features of the loading phenomena on the buildings were observed. Figure 4.2 uses
the expanded time scale for a more detailed analysis of the early stages of the blast waves.
The finite rise time of roughly 2 msec is the result of the response time of the gages. (It can
be seen from the subsequent figures that an equivalent time is required to reach the maximum
recorded pressures also for gages on normally oriented surfaces undergoing head-on reflec-
tion.)

!t is interesting to observe in Fig. 4.2 the minor variation of pressure recorded almost
simultaneously by the gages—approximately at the time t = 0.035 sec. The gages at 2 and 5
ft above the ground were mounted on the same pole and recorded this peak simultaneously,
whereas the gage at 10 ft above the ground recorded this peak a few milliseconds later.

4.1.3 Side-on Pressure Curves

The free stream pressure curves shown in Figs. 4.1 and 4.3 were used to determine the
variation of side-on pressure with time. Two alternate methods of expressing side-on pres-

• sure were considered (either through an equation or graphically).
The method, referred to in Chap. 3, utilizes a mathematical expression such as is given

in Sec. 3.3.1, determining the value of the constant c as the number which gives a shape most
closely resembling that of the free stream curves in Figs, 4.1 and 4.3. However, in matching
the curves given by an equation to the measured pressure curves, there was rio reason to pre-
fer any one of the measured curves, and a value of c was chosen, whieh fitted the average of
the entire group of measured curves. The best fit that can be obtained by trying various values
of the exponential coefficient c in Eq. 3.1 may be in error during some portions of the first
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positive phase. A better job of curve fitting can be done for certain experimental wave shapes,
using equations of a different form. However , since the validity of any equation, used to denote’
the variation of side-on pressure, is judged by how well it matches the average’ of the free
stream pressure readings, one might just as welt use this free stream average’, obtained
graphically, without use of any equations , as the definition of side-on pressure .

In Fig. 4.4 the side-on pressure curves for Shots 9 and 10, obtained by sketching through
the center of the band of free stream curves , are shown. In drawing these curve’s , during the
first 20 insec when the reading is rising rapidly , the shapeS of the curve ’ a’as obtained as fo l- •lows:

The portion of the curve’ bevotul the’ time’ t 20 insec was sketehel- in first un-i then c’s-
tended backward, smoothLy, to the time’ t ie’ro. Thm , the value of side-on pre’ssurt’, p0 (O) ,
was , in effect , obtained by extrapolation from the shape of the pressure’ curve’ later in the du-
ration and is slightly in error. However , since’ the pressure’ at every time dur ing the rest of
the duration is defined independe’ntIy by the curve, the only practical reason for giving sonic’
specific pressure in psi , corresponding to the time t - 0, is that of eonvenieiwe’ in referring
to the shock strength in the conventional manner.

4.1.4 Drag Pressure -

I.4.1.4.1 Rankine-Hugontot Curves

Drag pressure is defined throughout the entire positive phase for the purpteo-s of this is -

chapter . using the extended form of the Rankine-Hugoniot equation as giveir in F:q. 3.3 , i.e.,

2.5 p~~(t)2 •

~~ 7P o~~ p (t)

This equation is based on the assumption that the kinetic energy, pu(t)2 , of the moving fluid Fequals the dynamic head, pd(t) , at every time , t , during the positive phase’ of the’ blast wave ,
The value of P0 must be taken as 13.2 psi for both Shots 9 and 10. The values of p, (t ) for Use’ 9in Eq. 3.3 are obtained from Fig. 4.4. Curves corresponding to Eq. 3.3 are prese~nte’d in Figs.
4.8 and 4.9. Equation 3.3 and its corresponding assumption ne’ed not be’ introduced in the’ ~inalv
sis if reliable dynamic pressure measurements , applicable to the vtcintty of the items loaded,
are available. Although no such measurements were available for the’ 3.1 structures , adjust-
ment of the nearest pressure measurenie’nts were used as discussed below.

4.1.4.2 Measured Dynamic Pressure’ Curves

Dynamic pressure s obtained from the Sandia q-gage~ records l) rmimie  J ’, c ’ ~u~ e l , , p t ,  ~,..‘!Supporting A i r  Blast .th ’asui- c - ni t ’ngs , Sandia Corporation, were used as an a~ternatt’ form of
expressing drag pressures. No q-gages were located in the immediate vicinity of the 3. 1
group of structures. By interpolating linearl y between the readings of q-gage s located at ths-
tances of 4075 and 654 5 ft from intend’-J Ground Zero, dynamic pressure curves we’re obtained
for the region of the 3.1 structures. These’ derived curves showed higher peak values for both
Shots 9 and 10 than obtained from Eq. 3.3 at the time t -- 0. In addition, the shape’ e’f these’
curves indicated a less rapid decay throughout the positive phase. The higher peak values
may have been the result of interpolating linearly. The value of peak drag pressure , p11(0) ,
obtained from Eq. 3.3 , was believed to be more reliable than the interpolated values. The’ a
curves labeled Sandia q-gages in Figs. 4.8 and 4.9 were obtained from the interpolated curves
using a constant (with respect to time) correction factor . This correction factor was chosen
such that the adjusted magnitude of the interpolated curve at the time t - 0 would be equal to
~d(0

~ 
obtained from Eq. 3.3. A separate correction factor was therefore used for Shots 9 and

10. 0
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4 2  D!SCUSS!0N OF DATA AND FORMS FOR PRESENTING RESULTS

4.2.1 Records

The large amount of pressure data obtained from the various 3.1 structures was received
by Armour Research Foundation in the form of nonlinear pressure-time plots, punched card
stacks , and tabulations obtained by reading these plots. These punched card stacks were
pLotted in linear form.

Some difficulty was experienced with the BRL information in that no zero time was pro-
vided with the records. Now, ~e’ro time is defined as the time when the shock front first im-
pinges on a structure . In order to synchronize the individual pressure gages on a given face
for averaging, the proper time delay had to be estimated. The procedure was to subtract the

• number of milliseconds from the arbitrary zero to the first significant rise of the curve. The
correct gage time delay as computed by d U (d being the distance from the first point of im-
pingement of the’ shock front to the gage in question, as measured along a line perpendicular
to the shuck front , U shock front velocity) was added to the point where the first pressure
rise’ was seen on the gages. With this information, the individual gage records of BRL, SRI,
and NOL were ’ plotted.

Ave rage’ pressure-time curves were computed rom the individual gage records. The
averaging was accomplished by means of an IBM Card Program Calculator. The individual
gage records were- multiplied by appropriate weighting factors (see Sec. 4.2. 5) and summed at
assigned time’ intervals. If no card reading was available at the assigned time, a linear inter-
p ’lation ,e’as performed.

4.2.2 Individual Pressure-Time Records

The individual pressure-time records for some typical gages of the 3.1 group are plotted
i~i F igs . 4.10 to 4.17 . As-built locations of the gages on these structures are given in Figs.

• 2.13 to 2.44 . The indtvi~lual pressure’ records for all the gages would be too voluminous for
presentation here’ . Examples of gage records on structures representing the best and worst f
cases of gaging have been presented. Individual gage records for gages located on the same
surface have been plotted on one’ set of coordinate axes in Figs. 4.10 to 4.17 for Shots 9 and 10,
up until the time t - 0.7 sec.

Structure 3.la was the control structure for the entire group and, unfortunately, also
represents the poorest example for comparison of individual gage records within one surface .
Structure 3.lc , on the other hand, represents an example of gage records which compare very
favorably. In addition to the gage records , the side-on pressure curve has been included for
Shots 9 and 10 with the records on the front surfaces of Structure 3.la.

It is impossible to make a statement of gage accuracy in terms of a single number , or
even in terms of a reasonable range of percentages (which applies under field conditions).
Using check gages (see Sec. 4 .2.3) , gage accur acy can be expressed in the form shown in
Table 4.2. However , even in this form the accuracy of any particular gage still is not known.
In the absence of any specific statement of gage accuracy, it is at least pointelt out that the
pretest estimate of gage accuracy was much better than that found in the field. An important
aspect of instrumentatij n deficiencies in this test is that the readings on the control structure
were the least reliable of any in the group. Readings on this structure were more vital in at
tam ing the objectives of the test than those of any other single structure.

The plots of the individual gage records are given in Figs. 4.10 to 4.17. A general picture
• of the band of variation which existed between gages is used in obtaining each average which

will serve as a means of estimating the accuracy with which net loads could be computed.
That is to say, for surfaces such as the rear of Structure 3.la , for which the individual gages
differ by roughly from 0.6 to 1.5 psi, values of the net pressure obtained by subtracting loads
on the back from those on the fr ont are of this same order of magnitude, and , therefore, the

• pressure magnitudes are of questionable accuracy. However , since th~ differences in in-
dividual gage readings are of a random nature, it should not be expected that effects showing
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co~aistent trends would be attributed to errors In Instrumentation. In fact, It can be assumedthat any effect studied (such as peak pressure and rise time) which shows a consistent trendamong the various structures is not greatly affected by instrumentation errors. The band ofpressures between the gages on a given surface is, in general, for most of the structures ,much smaller than that given for Structure 3,ta. The band is , generally speaking, more sinii-lar to those shown for Structure 3. ic, Furthermore, it can be observed from these graphsthat the worst deviations exist for gages Located on the top surfaces and in the early phases ofthe loading cycle where differences are to be expected from the pressure phenomena. Withregard to the validity of average pressures derived and used later In this report , t he spreadin the pressures read on Structure 3.la, as shown by Figs. 4.10 to 4.14 , is the result of in-cluding in this picture records whic h are the obvious result of gage calibration errors , e.g.~gages a4 and a?.

S

‘t’Att L .t 4, 2 — F’ie’td Cond itceeto, ’

Scale ~‘wvtors

Shot 9 Shot tel

Ambient pressure at burst point t i .s  psi 12.14 psi
A mbient pressure at ground i:t .~ pat 13.2 pat
Height of burst 24.S: ft ~‘24 ft
Scaled he’ight of burst 7(30 ft 201 (1
Scale ’ fact or 0. 314 0.38-4

Side - on Pre’ssure’s clod I)eerations for 3.1 Program

Peak side—on 1)e~ t~ nc <’ from l’e.’,l t l%-t ’ ph~~ t’
pressure’ setua l (.Z duration

Shot 9 Shot 10 Shot 9 Shot 10 Shot 9 Shut 10Structure tps0 (psi ) (tt l  (It ) ( S’~’ Iseci

3.ta — q 5.7 6.4 3.1 - 3.4 4114)0 - 5300 490cc (1.92 0.8*43.Is 16 37 12*10 860 0.68 (l~~~)
3.11 11.5 *1.8 2240 2200 0,76 0.60

‘Operation UPSHOT- OTIIOIY . Pre’ttnilnary Report , Summary Report of the’Technic’si Director , Programs I - 9 419534 . W T- 7* 12 .

It can be seen from Fig, 4.11, whtch shows the gage records on the front surface of Struc-ture a, Shot 9, using an expanded time scale , that minor variations in pressure occur simul-taneously and have proportional magnitude between the miscalibrated gages and the remainderof the group. It was attempted to correct these miscalibrated curves, using some fixed pointof reference such as peak pressure or the ratio of pseudo-steady-state pressures from thelater phases of the duration. The corrected curves compared favorably with the othersthroughout the positive phase but, nonetheless, were not used in the average,

4.2.3 ComparIson of SRI and BRL_Check Gages

Check gages were placed approximately 6 in. apart at various gage locations throughoutthe 3.1 group of structures as a means of measuring the validity of the records. The exactlocations of all these cheek gages Is given in Figs, 2.13 to 2.44, where check gage numbersfollowed by the letter A are SRI gages. Typical examples of the pressures recorded by thesecheck gages are given In Figs. 4.18 to 4.24 for both Shots 9 and 10, together with the side-on• pressure curve. Flgw’es 4.19, 4.20 and 4.22 to 4.24 use an expanded time scale which exhibitsdiffraction phenomena.
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SSince the confidence which one can place in any of the pressure records will be based
largely upon the comparison of these check records, it is desirable to formulate a statement
In terms of percentage error in addition to observing the general relation from the graphs.
However , as can be seen from these figures for any given pair of check gages, the agreement
of pressures varies with time. In some cases the pressure records have the same time his-
tory except for a alight phase difference. It is not possible to compute the percentage of error
in a form which is both concise and meaningful. By computing the error at representative
points and averaging these values, a rough estimate was obtained and is given in Table 4.2.
The largest error , obtained for check gage a17, is obviously the result of a gage miscalibra-
tion.

• 4 .2.4 Wave Durati on

• The duration of the positive phase was , as given in the Summa, v Report of tht’ Technical
!) i rs’c iov , WT-7 82 , t -= 0.92 st’c and t = 0.88 sec for Shots 9 and 10, at the 4900-ft station, re-
spectively, as listed in Table 4.3. Considerable deviation from these accepted values was

TALI L t : 4 .3 — Comparison of SRI and 1181. Check Gage s

1)iffert’net. in reading of Oceurrent’e
check gage’s’ 

— -— - - - - • - - — -~~~~~~ C , -
Less than 5% 25 *5 10% 50
Greater than 10% 25

Extre me’ case gives ant- rro r of 30 — 5(t’~.

‘Differenc e in Gage Reading computed as a Ix’r—
ccntag t’ of the lower gage readings. F

found to exist for the individual gage records. Some of these are given in Table 4.4. The val-
Ut’s given in this table appear to indicate that the duration, t0, was not known accurately. This
is because the pressure-time curves are nearly horizontal at the end of the duration and small
errors in pressure readings lead to considerable errors in duration. In most cases an error
of about 0.2 psi, which is only a small percentage of initial side-on pressure , would result in
an error of tO.l sec in the duration, which is a considerable portion of the accepted value

4.2.5 Average Pressures on Surfaces
As pointed out in Sec . 4.2.1, average pressure-time curves were obtained for those sur-

faces having more than one gage. The method of obtaining the average pressure on a face of a
structure consisted essentially of applying a weighting factor to each of the individual gage
records and adding them, starting each at the common zero time. Each gage record was first
scrutinized to determine its validity by judging if It had a reasonable shape and peak value for
the particular fac e on which it recorded. Second, as stated above, the pseudo-steady-period
pressures were checked by comparing it with the side-on pressure envelope for the arc on
which the structures were placed.

The weighting factors were determined by first laying out the face with the valid gages in
position. Next, straight lines were drawn from each gage location to each of its nearest neigh-
bors and perpendicular bisectors were erected on these lines. These bisectors then formed
the boundaries of the areas for which each gage was assumed to be effective. Physically, each
point on a structure face has one gage to which it is in closest proximity. This point is then
considered to be In the effecti ve area of that gage. These individual areas divided by the total
area of the face were the weighting factors applied to their respective gages.
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Average pressure curves corresponding to the individual gage records of Figs. 4.10 to
4.17 are given in Figs. 4.25 to 4.28. Average pressures are given for those structures whose
individual gages are not presented here in Figs. 4.29 to 4.48. It can be seen from Figs. 4.25
to 4.28 that the deviation in average pressure on similar surfaces of different structures is of
a smaller magnitude than that shown In Figs. 4.10 to 4.17, which gives the individual gage
readings for a given surface. Thus differences in average pressure on corresponding surfaces
of different structures cannot very well be attributed to the variations of their geometric -

parameters since each of these average pressure curves is derived from individual gage
readings, which vary widely. On the other hand, had the individual gage readings on the same
surface agreed closely with one another, the average pressure curve would be considered ac-
curate , and differences between average pressure curves could be associated with variations
in the geometric parameters of the structures. These average pressures are studied in more
detail in the subsequent sections of this chapter. In summary, it is exceedingly doubtful that
correlation of surface pressures can be established as a function of variations in teight, width,
length, etc., during the drag period of loading.

The relation between the average pressures on the front and rear surfaces and the side-
on pressure are shown in Figs. 4.29 to 4.44 . In terms of the schematic loadings given in Chap.
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3, some surprising trends are seen to occur. According to the schematic loadings, average
pressures on the front surfaces should, in the pseudo-steady state, approach the value given
by side-on pressure with the difference between the two curves decaying exponentially. Con-
trary to this prediction, the pressure on the front surface usually coincides with, and in some
cases falls below, the side-on pressure immediately following relief of reflected pressures.
After this time, the pressure on the front usually rises above side-on pressure by an increas-
ing amount during the pseudo-steady state.

In relation to side-on pressure , the pressures on the rear behave similar to those for the
front surfaces, i.e., after the initial build-up to a value of slightly less than side-on, they
either rise above side-on or run parallel to it. This trend is even more surprising than that
found on the front surfaces since pressures on the back should usually be below side-on. The
pressures on the front are at least in the right direction above side-on but by a surprising
amount,

The reason for this cannot be determined and may result from errors in the reading of
gages located on the structures. If, on the other hand, the gage readings are reasonably cor-
rect, this subject is certainly worthy of extensive study in future tests since the results ob-
tained herein are extremely different from those obtained from all other tests to date. The
above-mentioned deviations from previous theories may be due to a shift in the base line. It
is also possible that there is some undetermined characteristic of the gages causing the
higher pressures in the later phases of the loading cycle. It is noteworthy, however, that
some minor variations in pressure can be observed occurring at corresponding times between
Shots 9 and 10. The front surface of Structure 3.la shows the pressure curve bulging above
side-on in the time interval between 10 and 20 msec on both Shots 9 and 10. As another ex-
ample, a minor Increase in pressure on both the front and rear surfaces of Structhre 3.la is
observed on Shot 9 at the time 1 0.36 sec. This could be due to the variation in side-on
pressure due to height.

In summary of the loadings of front and rear surfaces given here, it ca2’ ‘~~ stated that
they would be best related to a slightly different wave shape from that obtained by the free
stream pressure gages on both Shots 9 and 10. A wave shape having higher pressures after
the time t = 0.4 sec would be more closely related to these pressures on the structures. An
additional explanation of the high values of surface pressure is discussed in Chap. 5 in con-
nection with the net loadings obtained from them.

4.2.6 Net Pressure Curves

The net horizontal pressure per unit area is obtained by subtracting the average pressure
on the rear surface from that on the front. Net loadings on the 3.1 structures are shown in
Figs. 4.29 to 4.48, together with the loadings on the front and rear surfaces just discussed.
These net pressure curves are considerably higher than was predicted. They are not dis-
cussed in detail in this chapter but, instead, are treated rather exhaustively in Chap. 5, deal-
ing with the subject of increased net loadings and drag trends. However , it is pointed out here
that the credibility of these high net loads is affected by the possibility of errors in the aver-
age pressure curve discussed above. Errors in choosing the zero time for either front or
back gages, which is equivalent to translating the front loading curve to the right or the back
loading curve to the left, were considered as an additional possible cause for the high values
of pressure in the computed net curves. This appears to be a plausible argument, at least
from a qualitative point of view. However, a quantitative investigation indicates that errors in
determining zero time, even if assumed to be as large as 5 msec , could only cause the net
pressures to vary by a maximum of 10 per cent for most of the structures. if one were to as-
sume an across the board reduction of 10 per cent in all experimentally determined net pres-
sures, the resulting net loads would still be greater than the predicted nets by the same order
of magnitude as before such a reduction. Thus the Increase in net loads observed here can not
reasonably be attributed to errors in the determination of the zero time.

In addition to those structures for which front and rear loadings were available for corn-
putation of the net pressures , the pairs of thin walls designed to determine the effects of
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shie’iding and multiple’ reflections wet~e treated by assuming that their ungaged surfaces cx-
pe’rient~ed pressure’ vartation~ ttte’ntteal to those on corresponding surlaces of Structure 3. Id.
the’ isolated thin wall.

Net loadings for thin walls were thus computed and itre shown in Figs. 4 .49 to 4. 57. In
the’se figures two time’ scales are used, one reaching the’ time t 0.7 ~~~~ and the other the
t ime t 0.18 sec. This has be’en done throughout this chapter in order to study the diffraction
and psi’udo—ste’ady—statt ’ phase separately. In Set’ . 4.4 the effects of shielding distance’ on the’net loads on these walls will be discussed.

4,2.7 Average’ Pressures on Strips of Surface’s
As mentioned earlier in See. 4 .2.2 , in addition to averag ing the pressure’s of the individual

gage’s over an entire’ surface’ , curves wer e’ constructed giving the-’ ;evvI -~ige’ pressu res of ii~tIl —

vidual gage’s which were laid out in the’ form elf strips running parallel iii and transverse to the
shock direction. These averages we’re obtained with le’ss accuracy thaim thi,se~ for e’n t ii’ e’ sur-
faces in that they did not weigh the’ tr ibutary areas for the individual gage’s, An additional
weakness is that since’ the gage layout was not specif icall y designed for this type’ of averaging
the pressures really re’pre’se’nt smaller sect Ions of the surface’ thar~ the’ strip would indicate.
Nonetheless , by taking strips running in the two perpendicular direct ions , it was hoped that the
differences in pressure’ along edges from those’ in the’ center of the’ sut -fa ce’ or near te l the’
ground might be detected.

In Figs. 4.58 te l 4. 66 linearized pressure-time curve’s along the’ various stri ps are ’ shown,
together with the side-on pressure’ curve’ for Shots 9 and 10. Although the’se figures do not af-
ford a great accuracy, they simplify the comparison. The’ pressure’s art’ give’n until the’ t ime’0.7 sec and the’re’fore do not show loading de’tails during the’ diffraction phase’ due to corn—
pressed time scale . Although most of the’ strips have’ a width roughly e’qual to 1

3 of t he’ width
• or height of the structure , in many cases only two curve’s are’ available’ (or comparison. This

is unavoidable’ since, as can be seen in FIgs. 2.13 to 2.44 , must of the’ surface’s have all the’lt-
gages on one’ side. If gages we’re’ available’ on each side ’, the adde’d influe’ne’ e’ of a slight mis -

orientation of the blast wave (9 deg (In Shot 9) might be considere’el.
These’ curves for the pressures along strips will be re’ferre’d to subst’que’ntlv in Sec . 4 .4.

They we’re of use in preparing Figs. 4.101 to 4.113 in cue • ,‘rtion with the re’lation betwe’ e’n
such variables as the’ clearing time, the’ build—up time’, the’ vortex act iv i ty , and the peisut ions ed
the strips for which they are’ computed.

4.2.8 Graphical Comparisons Between Pre’te’st Pre’dictions and Fxpe’r i rne’nt al As’ei’ age’
Pressures 

- - - -

One of the nlost useful me’ans of interpreting the’ e’xpe’vtnie~ntaI results Is by direct t’c~m—
parison to the already established pre’test predictions of Chap. 3. This techni que’ is of nlc~st
value during the early stage’s e f  loading, when the pressure’s vary nie’st rapidly and are’ ch es t ’ -
ly related to various parameters of the’ blast and the’ structure’ sue-h as the t ime v.iiue’s of the’build-up and the clearing periods and the’ pe’ak refle’ ted pressure. In 1- Igs . 4.67 to 4.100. (1w
compariso ns are’ made until the’ time t - 0.16 sec f u r  the’ %- -arte ’us surface s e ’ t the’ 3 .1 structures.
These figures will be discussed in detail wh.’neve’r ne’e’e’ssary late’r in this e’hapte’r. They tiiay
be useful in the future , in connection with other data for pc’ssii ’ ie’ re- v  lc~i,’,e of the’ prt’te ’st P’~’—
dictions, wherever discrepancies exist between schematic loadings and the’ t’zpe’rtnse’nta(
results,

a

4.3 CRITERIA FOR_USE IN TB)’ POST-TEST ANALYS IS

This short discussion of the basic’ tools used In performing the’ post -test analysis is in-
tended to give an over-all view elf the’ form of these analyses.

The primary means of reducing data is in te’rrns of the pressure-time curves by compar-
tng experimental values of peak pressures , variations of the pseudo-ste ady-state curve’s, and
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the clearing and build-up times as well as time phase delays. Frequently, experimental
curves, whose pressure values at some given time differ widely from the pretest predictions,
are considered to be in good agreement by making linearizations which preserve the areas
under the pressure-time curves. In addition, the loading can be interpreted entirely In terms
of impulses which are subdivided logically into that for the diffraction and the drag phases.

4.4 DIFFRACTION AND DRAG PBENOMENA

The original objectives of the 3.1 test are primarily concerned with the diffraction phase
of the loading. The peak pressures on upstream surfaces and their relief times, along with
the build-up of pressure on rear surfaces and their build-up times , are wor thy of special dis-
cussion before dealing with the individual objectives of the whole test program. In this section
the nature of the loading on the front and rear surfaces is discussed separately. Attempts to
relate the clearing time, t~., and the build-up time, t b, w ith ratios of ~,tructural parameters

• are dealt with. In addition, the effect of vortices on various portions of surfaces are discussed
in detail.

4.4.1 Relief of Reflected Pressures on Upstream Surfaces

The subject of reflected pressures is discussed In Chap. 3. Srhematic loadings given
there show an instantaneous rise to reflected pressure at the time t 0, followed by a linear
decrease in pressure , to pseudo-steady-state values. This decrease in pressure is referred
to as the “relief ,” and the time interval during which It takes place is called the “relief time.” ,. -

Although the schematic loading indicates that pressure variation is clearly defined between
critical points on a curve , these schematic loadings are actually idealizations of slightly more
irregular phenomena. The field records show that neither the beginning nor the end of the re-
lief time is sharply defined.

The peak pressure reached by a gage is almost always somewhat less than the predicted
value of reflected pressure Pr’ How much lower It may be depends on how far relief of pres-
sures has progressed before the gage has fully responded to the sudden increase in pressure.
It is believed that recorded pressure reaches its peak value at a point which lies on, or very
nearly on, the relief line of the pretest prediction.

The field records usually show that the end of the relief period is characterized by the
gradual rounding off of pressures from the steep relief lines to the pseudo-steady-state curve,
This leaves the time at which relief is completed somewhat open to arbitrary choice, which
can result in differences of about 25 per cent between two possible values. In measuring dif-
fraction impulses , the analyst must exercise careful judgement in choosing the time at which
the diffraction period is considered to be ended. Every attempt was made to follow consistent
rules even though in some cases they lead to unexpected results.

4.4.2 Build-up of Pressure on Rear Surfaces

In order to determine n, the number of S/U time units for the build-up of pressure on the
rear surface of the structure, it is necessary to find both the time at which the build-up began
and also the time at which the build-up is completed. Difficulty is encountered in choosing
both these time values from experimental curves. The more familiar the analyst is with the
phenomena, the better are his chances of picking these time values properly. Therefore the
following discussion Is included before the analysis of specific structures is begun.

The beginning of the build-up was determined by working with individual gage records , as
well as the average on the surface. The time at which the average pressure begins to build up
from a zero value should be (see Chap. 3) equal to L, U. The average pressure on the’ rear
surface utilizes the results of several gages, which, because they are at different distances
from the edges of the rear wall, have different absolute times for which the pressure begins
to increase from zero. The absolute time scale for a structure was established by computing
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the time elapsed between the time when the shock struck the front face of the structure and a
particular gage in question and by calling zero time the time when the first rise is seen on a
gage minus the computed time lapse for this gage.

If one obser ves the average pressure curves on the rear surface of structure’s, it is seen
that the’ curve is rounded off ne’ar the end of the build-up period . The value chosen for the
time at which the’ build-up is completed depends upon the judgemeent of the analyst. The follow-
ing discussion is intended to give the reader some’ understanding of the nature of this build-up.

One might expect that the build-up time for the average pressure Ofl the rear surface
• would be much larger than teer any of the’ indivIdual gage’s . The ave’rage pressure builds up as

(lit’ shock front sweeps across the surface e’ncountering the various gages. Upon examinIng
the data , one’ sees that the’ build-up time’ for most of the’ individual gages is almost as large as
that for the’ average pressure on the surface’, e.g., the’ build-up time’s for the’ average pressure
on the rear surface ’ of buildings on Shots 9 and 10 range’ from 7 to 17 msec , whereas for incest
of the Individual gages the build-up time Is roughly from 5 te e 12 rnst’e’,

Examination of the loadIngs on rear surfaces indicates that the Initial build-up consiste’d
of two distinct phases. By correlating the shape of the build-up curve’ for individual gages
with the position of these gage’s relative’ te l the free’ edges and the reflecting surface’ at the’
ground, the reason for the’ two phase build-up of certain individual gages becomes e’v ident.

• Consider a gage (such as d2) t which is near the upper edge of the’ re’ar face and well re-
moved (rum both the side edges and the ground line below, Its first phase results from the
wave coming down from the! roof and the second from the wave , reflected from the’ ground,
comIng back up the wall. The time’ lapse between the two increases as pressure becomes le’ss C
and as the position of the’ gage’ is brought nearer to the ground. For gages not c lose’ to any
side edge but near the ground (such as gages a16 , 17, 45, ant 16, all of which are 0 2 ft or less
from the ground), the initial build-up time is very short since the two phases ahme st me’rge
into one. For gages near the’ ground but also near a side edge (such as gages al5 , a4 , and 15) ,
the two stage effect of the initial build-up is obscured by the wave’ coming from the sides .
Gage 15 on Structure 3.lb is near the ground but is 18 ft from the nearest side edge; the ef-
fects of the wave coming from around the side are not felt until long after the first two phases fmentioned above have been completed, making it possible to observe that they nearly coincide’
for this gage.

• Gage bio, which is located at the center of a wall 36 ft wide’ and 6 ft high, demonstrates
the absence of three-dimensional effects near an upper edge of a rear surface which is free
from the influences of a wave coming around the side’. Three -dimensional effects are most
noticeable for gages In a corner formed by the intersection of twe free edges, e.g., gages dl
and 12. For these gages the initial pressure build-up is very quick (about 2 msoc to the full
value). For gage 12 , the pressure builds up in two phases. The first phase , which takes 2
macc . is , In a sense, the true initial build-up time for this gage’ because the pressure in-
creases only slightly during the ne’xt 10 msec.

4.4.3 Dimensie nless Relief anti Build-up Time’ as a Function of the Various Geometric
Parameters

The shock parameters which determine the diffraction loadings are critical pressure
values and critical time’ values.

The critical pressure values, reflected pressure Pr, and pseudo-steady-state pressures ,
foa (t) and be15(t) , are well known near the time t = 0.

The critical time’ values, namely, ti,, the relief time on front , and tb, the build-up time on
the back , cannot be calculate’d by analytical means , and their pretest value has been deduced
from two-dimensional shock tube tests which already included the effect of length. So far only
a single large-scale field test (GREENHOUSE Structures 3.1.1 and 3.3.8a) existed from which
modifications (or the’ effect of width we’re drawn,

_________________

tFor brevity, in this chapter a gage such as P2 on Structure 3.ld is designated as 42.
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TI,
Therefore the following brief summary of how t0 and t b vary with the various geometric

parameters on UPSHOT-KNOTHOLE Shots 9 and 10 is Instructive, even if no definite conclu-
sions can be drawn as yet , as to whether the pretest loading schemes should be retained or
modif led as a result of this test,

Figures 4.101 to 4,107 present the dimensionless relief and build-up time, Ut~~S and
Ut 11,/S (U shock front velocity and S is the characteristic relief or build-up distance, nor-
mally the height or half width, whichever is smaller), as a function of the geometric param-
eters , namely, w idth, length , size, ground proximity, orientation, and shielding distance. The
effect sought and the choice of independent variables are tabulated in Table 4.5.

TAttLE 4.5— - l)alei for Figs. 4.101 to 4.107

Varying
pee rume ’ter Constant Structure

Fig. No. Effect or ratio parameters No.

4,101 Width W , H L, H 3. la—c
4.102 1.e’ngth 1/H W . H 3.la. d, I (4.103 Scale H/H1 W , H, L 3.la , e, I
4.104 Ground AH/ll W , H, 1. 3.lo, p

Proximity
4.105 Orie,etatton U W , H. L 3.la , g. h

4.106 — 4 .  107 Shielding A/H W , II , I 3.ld, I, m, n

‘ W~~~W ldth.
H Height.

Length of St ructure 3.1*.
- - Elevation above ground,

0 — Angle of Orientation, •4 Se’pareetion between wa lls.

The relief time for the entire front surface was obtained by averaging individual gages
such as shown in Figs. 4.108 and 4.109.

Summarizing, in most cases the relief time on front is somewhat lower than the value of
three-dimensionless time units that was predicted, and the build-up time on back of a three-
dimensional thin wall is closer to two-dimensionless time units, rather than four as was an-
ticipated. The potential effect of this change in time units, i.e., tbU/S, on the diffraction im-
pulse can be seen in Fig. 5.3. The effect of the change in t0U/S is roughl y one-half of that for
t bU S.

4.4.4 Effect of Vortex Activity

The effect of vortex activity is elusive and quite difficult to define since lowering of pres- 
‘1

sure might be due to expansion phenomena and general lower pseudo-steady-state values In
addition to the’ turbulent (vortex) effects. in previous weapon effects work, the ~ nst outstand-
ing vortex effects were observed on roofs of two-dimensional models which were placed in
the shock tube and were observed by means of interferometry. These teats demonstrated that
the larger the ratio of height to length the more pronounced was the vortex activity in terms
of average roof pressures. How this activity depended on the width of an actual (rather than a
two-dimensional) structure was observed in only one large-scale field test (Structures 3.1,1
and 3.3.8a of GREENHOUSE, Blast Loading and Response of Structures , WT-8 7, where it was
shown that the more two-dimensional a structure is the more severe is the lowering of roof
pressures near the loading edge. This present test demonstrated, as did the GREENHOUSE
teat, that for three-dimensional structures, such as the 3.1 models of 9 and 10, the vortex ac-
tivity can be neglected in pretest roof loading schemes.
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The experimental results of Shots 9 and 10 verified this assumption, i.e., if vortex ac-
tivity, V, is defined by the following ratio (see Fig. 4.110)

= 
— r~8(t)) dt 

(4.1)
dt

then V is indeed at most equal to a few per cent of the1total roof loading. However, in order to
study the phenomena locally more in detail, one can observe the roof vortex on three struc-
tures of different width along longitudinal (parallel to flow direction) and transverse strips
and thus determine the dependence of vortex strength on the nearness of front, side, and back
edges. For quantitative measurements, it is also convenient to redefine the vortex activity

= J ’~ 
[r(t) — r05(t)J dt 

(4.2)f 1  r~8 (t) dt

where t1 is the initial time of the vortex activity when the roof pressure starts dropping alter
the initial build-up to pseudo-steady-state pressure and tf is the time at which the roof pres-
sure reaches its pseudo-steady-state value again. (In terms of entire roof surfaces or along
longitudinal strips, t1 is defined as I/U and tf would equal t1, the end of the diffraction period.
For transverse strips, t1 would be equal to y/U, where y is the distance from the front edge
to the particular strip under study, and tf would again roughly equal t . )

, ,1
TABLE 4.6—Gages Which Were Not Used

to Evaluate Vortex Activity ri.
Gage No.

Structure Shot 9 Shot 10

3.la 21, 23, 25 23, 27
3.lb 4, 5 , 9 5, 9 —

3.ic 2, 1

With this frame of reference in mind, Figs. 4.110 to 4.113 present a study of vortex
strengths as a function of the proximity to the free edges with total structure width as param-
eters.

Figures 4.110 and 4.111 exhibit vortex strength along three longitudinal strips up to the
midpoint, and Figs. 4.112 and 4.113 present a study of vortex strength In three transverse
strips spaced between the front and back edge of Structures 3. la, b, and c. The resulting
values of V’ are connected by curves for an estimate of the continuing function.

As can be seen from Figs. 4.110 and 4,111, vortices seem to be just as severe at x/W ~0,2 as at 0,5 (the center longitudinal strip) although the widest structure (3.Ib) still maximizes
the vortex activity as anticipated.

From Figs. 4.112 and 4.113 one confirms that in transverse strips vortices are most
severe near the leading edge (Y/ L ~ 0.2) although there does not seem to be any marked de-
pendence on total building width.

Quantitatively, the vortices in the above adoj~ ted reference frame constitute up to 30 per
cent of the roof loading up to the time the pseudo-steady-state value is reached. In terms of
roof loading until the end of the positive phase, they are not significant enough to warrant ~change in average roof loadings to include their effect.
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4.4.5 Drag Phase Loads and Net Loading

It can be recalled from the dIscussion in Chap. 3, which dealt with loads of the drag phase,
that the values of the drag coefficient , Cd, were expected to be constant. In Sec. 3.4.3 the drag
coefficients are defined for several surfaces. These drag coefficients are used in the sche-
matic loadings given at the end of Chap. 3. Based upon these pretest predictions, one would
expect the loading on front , top, and rear surfaces to be of a form which 18 equal to side-on
pressure plus some constant times drag pressure, i.e.,

fo8 (t) = p,~,(t) + Cdi Pd~
t
~

for the front surface , and similarly for the top and rear surfaces , r08(t) and bua(t), respec-
tively.

It is convenient to rearrange the terms of the equations and solve for the drag coefficients
as follows: fusing C~~(t) in place of Cdi and using F(t), the measured average loading, in
place of f08 (t), the predicted values j

F(t) —• p/t) (4. 4)Cdi(t)  = 
Pd (t)

It Is in this form that drag coefficients are determined experimentally from the test data.
Although the drag coefficient is shown as a time dependent quantity in the above equation, the
value should not vary during the loading if ills to be in agreement with the predictions of
Chap. 3. Minor local variations of the drag coefficients, say plus or minus 20 to 30 per cent,
can be ignored if a good average line can be drawn such that the average remains constant. It
was expected that if one solved for the drag coefficient , Cd, using the experimental values of
F(t) and p0(t) — F(t) denotes the average pressure on a front surface and p0(t) the average of

• free stream gages— and the computed value of drag pressure as given by the Eq. 3.3, con-
stants in agreement with those given in Chap. 3 would be obtained. 

t 
-

Graphically speaking, this means that the difference in ordinates, between the curves
I e~8(t) and p,, (t), b08 (t) and p0 (t) , r

00
(t) and p~(t), if plotted as a function of time , should have

the same shape as the curves given in Figs. 4.8 and 4.9. As stated in Sec. 4.2, inspection of
Figs. 4.29 through 4.44 shows that this Is not the case for front and rear surfaces. Although
this condition is approached for top surfaces, there is still a considerable deviation from the
pretest predictions.

The experimentally determined values of the drag coefficients are nothing like those
given by the pretest predictions. It is surprising that instead of remaining constant, at values
less than or equal to one, they increase to values of ten or greater , when computed from Eq.
4.4, using p~(t) and pd(t) from Figs. 4.4, 4.8, and 4.9.

The physical meaning of these increased drag coefficients Is not thoroughly understood.
The explanation may be that the drag coefficients are neither constant (with respect to time)
nor of the magnitude indicated in Chap. 3. It is doubtful, however , that they actually should
reach values as high as ten. The explanation may also lie in the values assigned from the
drag pressure-time curve, pd(t), Eq. 4.4. The subject of “increased drag trends ” is discussed
in detail in Chap. 5.

Experimentally determined curves showing the drag coefficients computed as a function
of time, Cd(t), are given for the front and rear surfaces in Chap. 5. The drag coefficient
curves in Chap . 5 offer a good comparison , in that three different forms for expressing the
denominator of Eq. 4.4 were used in computing them. The three forms are: (1) pd(t), as de-
fined by Eq. 3.3, and shown graphically in Figs. 4.8 and 4.9; (2) the adjusted form for the
Sandia q-gage records discussed in Sec. 4.1.4 and also shown in FIgs. 4.8 and 4.9; and (3)

• pd(t), the dynamic pressure, as discussed in Chap. 5 and shown in Fig. 5.7 to decay at the -•

same rate as aide-on pressure. Sinz~!ar curves for the top surfaces are given in this chapter
in Figs. 4,114 to 4.116. Chapter 5 offers a possible explanation for these increased drag loads.
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TABLE 4.7— - Vatue~ of “n’ for Build-up Time Unlt~’

Measured build-up

Build-up TIme ,
distance, “ii ” Measured “n” Predicted

Structure (S) (ft) Shot No. Experimental (nS/U) • (8/u) (See l’ig. 3.3)
S

3.1* 6 Shot 9 0.010 2.17 2
3.1* 6 Shot 10 0.011 2.24 2
3.1b 6 Shot 9 0.013 2.82 5

6 Shot 10 0.017 3.47 5
3.lc 3 Shot 9 0,008 3.47 3.5
3.lc 3 Shot 10 0.007 2.85 3.5
3.Id 6 Shot 9 0.009 ‘ 1.95 4

6 Shot 10 0.012 2.45 4
3.le 18 Shot 9 0.034 2.45 2
3.le 18 Shot 10 0,031 2.11 2
3.11 12 Shot 9 0.031 3.35 2
3.11 12 Shot 10 0.022 2.24 2
3,lg 6 Shot 9 0.005 1.08 2
3.lg 6 Shot 10 0.014 2.86 2
3,lh 6 Shot 9 2

3.lh 6 Shot 10 0.017 3.47 2 r
3.li 6 Shot 9 0,008 1.73 2
3.11 6 Shot 10 0.010 2.04 2
3.lo 5.34 Shot 9 0.015 3.65 2
3.lo 5.34 Shot 10 0.009 2.06 2

3.ls 6 Shot 9 0.012 2.60 2
3,ls 6 Shot 10 2 F

• 3.it 6 Shot 9 0.00€ 1.30 2
3.it 6 Shot 10 2

.

These results are unexpected in that either the assumptions for the variation of drag
pressures with respect to time, pd(t), or the magnitude and form of the drag coefficient , or
both, do not check with pretest conditions, The significance of these unexpected results are,
with regard to this chapter, twofold. First, from a purely empirical point of view , they change

• the shape of the net loading curve to a linearly decreasing quantity, instead of the rapidly de-
cre asing exponential decay presented in Chap. 3. Secondly, from an analytic point of view,
they thwart any attempt to check the experimental results against the pretest predictions dur-
tng the pseudo-stead y- state phase in a routine manner.

4.5 EFFECTS OF WIDTH

The main effects of width were expected to be shown in the build-up time on the rear wall
and the intensity of the vortex on the top surface. No effects were expected to be shown on the *
f ront or side surfaces. Structure 3.lb had no gages on eIther the front or side surfaces;
Structure 3.lc had no gages on the side surfaces; and Structure 3.la had one gage on each side
sur face. Figures 4,67 to 4.70, 4.77 to 4.82 , and 4.87 to 4.92 present a graphical comparison of
the pretest prediction to the experimental pressure-time curves. Figu res 4.101, 4 .110, and 4.1 11
show the eff ect of w idth variations on clearing time, build-up time and vortex Intens ity.
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4.5.1 Rear Surfaces

The effects of width, on the 3.1 cubicles, are determined from the experimental loading on
the rear surface. From these experimental results measured values of “n” are obtained for
comparison with the pretest predictions. The loading on the rear surfaces of Structures 3.la
to c throughout most of the positive phase is given in simplified form for Shots 9 and 10 in
Figs. 4.117 and 4.118. The results of these two figures, with respect to the loading during this
later phase, are inconclusive.

It can be seen from Figs. 2.13 and 2.16 that the gages on the rear surfaces of Structures
3.Ia and c are located so as to give an average pressure which is representative of the entire
surface, whereas the gages on the rear surface on Structure 3.lb will tend to overemphasize
the measurements of pressures near the sides of the structure and underemphasize those near

• the center.
The number of S U time units denoted by “n,” required for the pressure to build up on the

rear surfaces of Structures 3.la t. c , are listed in Table 4.7. This table shows the values
computed using the pretest method of prediction and those values determined experimentally
on Shots 9 and 10. (For Structures 3.la to c the predicted values of “n” are equal to 2, 5, and
3.5, respectively.) The experimental values are roughly 2.2 for Structure 3.la and 3.25 for
Structures 3.lb and c. The computed values of “n” for Structures 3.lb and c are considerably
higher. For Structure 3.lc on Shot 9, the value of “n” = 3.47 compares very well with the pre-
dicted value of 3.5. Although these values of “n” cannot be determined with extreme accuracy,
they at least indicate the proper trend. Both Structures 3.lb and c have a slower build-up on
the rear than does Structure 3.la, as was predicted.

A better understanding of how the values of “n,” given In Table 4.7 , are related to the
actual pressure-time curves during the diffraction phase can be obtained from Figs. 4.119 and
4.120. In these figures the average pressure on the rear surfaces of each of the three struc-
tures for both Shots 9 and 10 is plotted as function of time in H/U units. It must be remem-

• bered that for Structure 3.lc , S = ‘/~ H, and, therefore, the time H/U = 1 corresponds to 2 S/U
units for Structure 3.lc. It is also easy to see from this figure that the value of “n,” deter- F

mined experimentally, could easily be changed by assuming a slightly different value of pres-
sure for the fully built-up value. The average pressure vs time curves for each of these
structures on both Shots 9 and 10, up until the time, t = 0.16 sec , is given in Figs. 4.87 thru
4.92.

4.5.2 Top Surfaces

In order to study the variations of loading on the top of cubicles in relation to variation of -:
the width, gages were placed on the roof of Structures 3.la to c , as shown in Figs. 2.13, 2.15,
and 2.16. The distribution of gages on the roof of these three structures was about the same
as for their rear surfaces, with regard to the ability of the pattern of gages to measure the
average pressure.

Simplified average pressure-time curves on the top surfaces of Structures 3.la to c, for
Shots 9 and 10, are given in Figs. 4.117 and 4.118, respectively. These figures exhibit a
greater vortex effect as width increases. This vortex effect , known previously to exist for
purely two-dimensional structures, was not considered in the pretest schematic loading for
the three-dimensional structure. The earlier phase of the loading, shown in Figs. 4.77
through 4 .82, together with the computed curve for the pretest prediction is presented as the
comparison of the loading on the top surface of a two-dimensional structure to those of three-

• dimensional structures. These are the average pressures before simplification and give more
detail up unti l the time t 0.16 sec.

Any attempt to revise the schematic load prediction for these top surfaces, whIch would
be based upon the observation of the simplified average pressure-time curves of Figs. 4.117
and 4.118 and Figs. 4.77 to 4.82, would also probably incorporate a quantitative relation be-
tween the ratio of width to height and the minimum pressures resulting from the vortex. It
must be remembered that the gage patterns on these three surfaces are not equivalent. From
the figures that show individual gage records on the top surfaces , it can be seen that the vor-
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tex is most Intense immediately behind the front edge. The effect of the vortex is almost
negligible at the rear edge, having decreased gradually from front to back. The roof of Struc-
ture 3.la has gages near the front, center, and back portions of the roof, whereas Structure
3.lb has gages near the front and in the center , and Structure 3.lc has gages near the front
and back only. Thus, the average for the top of Structure 3.lb does not include any measure-
ments near the back edge and overemphasizes the sharp vortex in the upstream portion of the
roof. The top of Structure 3.lc has gages near the front and rear , ignoring the area midway,
and perhaps gives a relatively good average effect. It is not certain how much of the increased
vortex effect on Structure 3.1b Is due to its greater width and how much is due to the location
of the gages. This uncertainty prohibits any immediate revision of the schematic loadings on
the top surfaces.

The determination of the loading on strips of surfaces referred to in Secs. 4.3 and 4.4.4
was motivated partly by the desire to gain new information regarding the distribution of loads
for use in damage analysis and partly by the need for some reliable rules which would enable
one to extrapolate the loadings on one portion of a surface from those measured on another. If
this attempt had been more fruitful, perhaps the revisions discussed above could have been
made. However, as it turned out , this strip analysis is just a convenient means for expressing
the results of this test quantitatively and should not be considered an attempt to develop gen- - 

-

eral loading relationships.

4.5.3 Princeton Shock Tube Comparisons

Since there is considerable shock tube information on the Structure 3. lb type of model
(L : H 1: 1) from the Princeton 11-11 report , it is instructive to make comparisons with those
results.

Plots of the individual pressure records, as taken from gages 1, 2, 10, and 15 on Struc-
ture 3.lb, were compared to Princeton shock tube results. The pressures on the roof of
Structure 3.lb, midway between the sides, match those of the Princeton shock tube two-di-
mensional model prior to and during the action of the vortex which decreases pressure sharp-
ly. After the diffraction phase, there is little consistency between the two. Normalized pres-
sures on the center of the back wall of Structure S.lb are slightly lower than those for the
Princeton shock tube model in this comparison.

S

4.5.4 Conclusions on Width Effects

The objective of width effects studies was to determine the type of loading on the top and
rear surfaces of three-dimensional models as compar ed to that on two-dimensional models.
This objective was satisfactorily fulfilled.

4.5.4.1 Rear Surfaces

Revised values of “n” are given to account for quicker build-up time as related to width.
(See Figs. 3.3 and 4.125.)

4.5.4.2 Top Surfaces

Vortex intensity increases with width. Quantitative revisions are recommended for future.

4.5.4.3 Shock Tube Comparison

For H : W: L = 1: 6: 1. Diffraction loading at center of top and rear surface for the field
test model is the same as those of the Princeton shock tube model (L: H = 1: 1).

4.6 EFFECTS OF LENGTH

The effects of length on loadings studied here consist in checking the pretest schematic
loads with the experimental pressure-time records for the rear and top surfaces. In addition,
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a comparison of two structures having identical height to width to length ratios is made. No
effects of length upon the loading of the front and side surfaces of these cubicles were ex-
pected. Structure 3.11 had no gages on the front surface. Structures 3.la and d had gages on
the front surfaces , but these gages were not intended for the purpose of measuring the effects
of length (3.la was the control structure for the entire test group, and 3.ld was the control
structure for the three pairs of thin walls). Structure 3.11 had no gages on the sides and only
one on the top.

Structure 3.11, having a height of 6 It, and GREENHOUSE Structure 3.3.8a, having a height

of 7 It , are compared at the end of this section since both of these structures had an identical
height to width to length ratio.

The simplified pressure-time curves for Structures 3. la , d, and i are shown in Figs. 4.121
and 4.122. These curves show no significant difference in the pseudo-steady-state phase
which can be related to length of structure.

4.6.1 Rear Surfaces

Values of “n” for the experimental build-up time on the back is compared to the pretest
prediction in Table 4.7. The predicted values of “n” given in this table for Structures 3.la, d,
and I, are 2, 4, and 2, respectively, and the experimental values are roughly n = 2 for all . -

three structures. The build-up of pressure on the rear of each of these surfaces is shown in
Figs. 4.123 and 4. 124 , which express time in H U units . These curves have been translated
horizontally to remove the time phase delay before the shock reaches the rear surface at the
time t = L/U. The build-up of pressure on the back of each of the three structures is almost •
identical from beginning to end and has a rather clearly defined shape so that there is little
doubt in choosing the time at which the build-up is completed. Vortices, which occur on Shot
9 but not on 10, mentioned above, are seen more clearly here. Structure 3.ld, whose build-up
time was predicted to be twice as long as the experimental, due to the presence of a vortex, p
is seen to have the sharpest vortex effect of the three structures. If 3.ld were a two-dimen-
sional thin wall, shock tube results indicate that the pressure build-up would not have been
completed until the time t = 8 H ‘U. The experimentally determined value of “n” is only 2.
However , a faster build-up is to be expected since Structure 3.ld has a finite width allowing
the shock to sweep around the sides. Nonetheless, some effects of the vortex are still shown, - •
terminating at a time roughly equal to 5 H, U units.

The pressure-time curves for the backs of these three structures for Shots 9 and 10,
covering both the diffraction phase and the initial stages of pseudo-steady-state phase are
shown In Figs. 4.87, 4.88, 4.93, 4.94, 4.99, and 4.100.

4.6.2 Loading on Top Surfaces

The data available for comparing the loading on the top surfaces to determine the effects
of structure length, i.e., where length is the only variable changed within the group, are very
limited. There was only one gage on the top of Structure 3.li, and there were nine gages on
the top of Structure 3.ia, as shown in Figs. 2.13 and 2.27, which give the as-built gage loca-
tions for these structures. Structure 3.ld is the thin wall. —

In Figs. 4.121 and 4,122 the simplified average pressure-time curves are compared for
the top surfaces of Structures 3.la and I for both Shots 9 and 10. With the exception of a short
interval of time (between t 0.15 sec and t 0.21 sec during which the average pressure on
the top of Structure 3.la, as given ~y the gage readings for Shot 9, seems to behave erratical-
ly), the curves given by these two fi gures e,thiblt a consistent trend. In each case the pres~ure
rises initially to a value in the neighborhood of side-on pressure, drops sharply, reaching a
minimum value, and then rises sharply before leveling off in a gradual decay which causes the
pressure to coincide with side-on pressure somewhere between the time t = 0.2 and t = 0.4
sec. The first peak value of pressure is higher for Shot 9 in each case, and the subsequent
stages occur at later times than for Structure 3.la. It must be remembered, however , that
there is only one gage on the top of Structure 3.li, and it , therefore, does not represent a good
average.
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Rather than compare the average pressure of the top ot Structure 3.la to the single gage
on the root of 3.11, two individual gage’s on Structure’ 3.la were’ selected and compared to gage
I on Structure 3.11. As can be seen from Figs. 2.13 and 2.27, gage U is located a distance’ of
3 ft (one-sixt h of the Iengthi from the front edge along the longitudinal centerline’. GageS a26 is
at a distance of 3 ft (one-half the le’ngth) from the’ front edge’ , whereas gage a27 is a scaled dis-
tance of one- sixth the length (but ~ distance’ of univ I ft) from the front t- ’lge.

A comparison of these individual gage ’ readings is given in Fig. 4.12 6 for Shot 9, and Fig.
4.127 gives the comparison (eu - Shot 10. I”rom the’ abo~- discussion ud gage’ locations , with
distances given both in feet and as a scaled pe’ rce’ntar’ ’ ci i  the length , one ’ might expect the’
reading on gage it to be somewhere be’twee’n the’ pre’ssurt ’s ut .e26 anti a2’l. (The’ pressur e-
record for gage a27 is no good on Shot 10). However , it can be’ sct’n from Fig. 4 .126 that gage’
11, while matc hing the pressures on Structure 3.la rathe’r we’ ll ii the- pseudo-steady state , is
considerably higher during the’ diffraction phase’, showing no effects of t he vort e x action near
the’ front ed ge of 3. Ia (i.e. , at gage a27). The’se’ results appear to teidic ate ’ that fur structur e -s
of this type having the same height and width, the’ increase-el length tends to weaken the- vortex ,
acting at some’ per cent of the length from the’ front edge. It is prot)ablv true’ that incre- .ese- ,t
pressures , due to the weakening of this vortex , are felt ove’ r the entire’ top sur fae’e’ , but ,
strictly speaking, the above discussion applies only to the upstream portions of the’ roof ,

4.6.3 Comparisons of Structures 3.11 (UPSHOT-KNoTHOLE) to Structure’ 3 .3.8a
(GREENHOUSE) 

-

The two cubicles , Structures 3. 11 of UPSHOT-KNOTHOLE and 3.3 .8a of GHEENHOUSF
(Blast Loadi ng and Re’s ponse’ ot Sl r w - t u c , ’~ , WT -87) both having height to width to le’ngt h ratios
equal to 1: 2 : 3 and heights of 6 and 7 It , respectively , are compared as a means of t’ e- lating
Program 3.1 of UPSHOT-KNOTHOLE to GREENHOUSE. The average- pressure vs time’ cu rve ’s
on the top and back surfaces are compared in Figs. 4.128 and 4.129. The’ gage- arrangement en
rear surfaces of Structures 3.li and 3.3.8a was almost identical; howeve r , the’ roof of Stru(’ -
ture 3.3.8a was more extensively instrumented than the root of Struvturc S.It . The i~~~’ssu rc ~ : -

on top surface’s are similar , except that Structure 3.11 shows an unproport ionatelv high initial
peak pressure on Shot 9. Furthermore , Shot 9 of UPSHOT-KNOTHOLK had a di(fe’rt’nt w a v e
shape than for Shot 10 or the GREENHOUSE Test , the latter two being nearly alike ’. in addition
to the difference in wave shapes, the initial overpressures were different en each of the’ thre e
cases , namely p,,(0) = 10, 6.0, and 3.2 psi for GREENHOUSE, Shot 9, and Shot 10, respectiv e ly .
The free stream side-on pressure variation for GREENHOUSE is shown in Fig. 4.132 , both as
the experimental curve and the theoretical curve .

A more useful comparison of the pressures on these two structures is obtained by nor-
malizing surface pressures with respect to the free stream pressure. The durations were’
approximately equal for the three shots (t 0 0.88 sec for GREENHOUSE and Shot 10 of UP-
SHOT-KNOTHOLE, and to 0.92 sec for Shot 9), and thus a comparison could be made with-
out normalizing with respect to time, Figures 4.130 and 4.131 express the loading on the’ top
and rear surface’s as a percentage of side-on pressure as a function of time. In connectieni
with these curves , one must observe that on Fig. 4 .132 the experimental free’ stream pressure
at GREENHOUSE differed from the theoretical curve between the time , t - 0.3 and t 0.5 sec.
This characteristic of the free stream curve at GREENHOUSE was not as pronounced as the’
surface pressures. The free stream gages there were not as well spaced, with respect to
Structure 3.3.8a of GREENHOUSE, as in Program 3.1.

It is seen from Figs. 4.130 and 4.131, which give the i~~rmalized pressures on the top and
rear surfaces , that the’ curves for the three blast waves compare very favorably. The curves
interwind and never vary by more than 10 per cent (based on the GREENHOUSE theoretical
curve). Beyond the time’ t 0.4 see , the three normalized curves diverge. During the’ first
25 msec , the curves for the top surface of Structure 3,11 reach a pe’ak value greater than
p,(0). This does not occur for the GREENHOUSE structure.

• A comparison of the normalized average pressure on the rear surfaces between Shot 10
and GREENHOUSE, which had nearly Identical wave’ shapes, gives an excellent comparison
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until the time t 0.4 see. Shot 9, for which the wave shape decayed much more rapid ly,  com-
pares very well after the time t = 0.1 sec. For tt •- - roof and the rear surfaces , the experi-
mental GREENHOUSE curve shows an erratic deviation from the UPSHOT-KNOTHOLE tests.

4.6.4 Conclusions on
,,~~~~~~~ ffe2,ts

Within the intended scope, the objectives of length effect s were fulfilled.

4.6.4.1 Rear Surfaces

Build-up on the’ back of three-dimensional thin wall was completed in 2 S U instead of 4
S U time units. (See’ Figs. 3.3 and 4.125.)

4.6.4.2 Top Surfa ce’

Loading on the’ top surface appears to be related to the ratio of width to length. Further
exploration (in the shock tube) is dc-finitely recommended. Insufficient data were available
for the’ determination of rules governing this variation.

4. 6.4.3 GREENHOUSE Comparison

Normalized pressures en the’ top and rear surfaces of nearly identical structures in the
UPSHOT-KNOTHOLE and GREENHOUSE programs compared favorably.

4. 7 SIZE EFFECTS

Structure s 3.la , c , and f , grouped to measure the effect of increased size of structure ,
ar~ shown in Figs . 2.13, 2.14 , and 2 .19 through 2.22 , which give the building dimensions and
gage’ Ie,cations . For .e special scaling ceimparison , Fig. 4,133 illustrates the relation between
certa in gage locations e ’n Structure’ s 3.Ia , e, and f .

4.7.1 Pressure’s on Scaled Structures

The’ pre’ 7sure records of gages located in identically scaled positions on Structures 3.la,
e , and I are compared in Figs. 4.134 through 4.143. In these figures the time values for gages
on Structure 3.1-a are multiplied by 2 when compared to a -gage on Structure 3.lf and by 3 when
compared to a gage on Structure 3.le . Some of these gages on Structures 3.la and e were also
SRI check gages (gages aS , alO , and e5) . It can be seen from these figures, which use the ex-
panded time scale for the smaller size structures to measure scaling, that the pressure val-
ue’s throughout compare at least as well to the SRI and BRL check gages shown in Figs. 4.18
through 4.24. In addition to those curves shown, comparisons were made in a similar fashion
between Structures 3. It’ and 1. Those exhibited here are typical for the entire group.

4. 7.2 Peaked Shock Effect

As discussed in Chap. 3, a peaked shock effect , tending to reduce the load on the front
surface and to increase the loads on the rear surface , was expected to occur for larger struc-
tures. This effect , due to a deceleration of flow, is not thoroughly understood, but it was ob-
served here in a purely empirical fashion. Ire Fig. 4.35, which shows the loading on the front
and rear surfaces of Structure 3.le for Shot 9 toget her with the side-on pressure curve and
the’ net load for this structure, the effect referred to in Chap. 3 is clearly observable on front
surface loading which is well below side-on pressure throughout the ps b -steady state . Al-
though this front loading is that of a single gage, it appears unlikely that miscalibration ac-
counts for the low reading since the peak reflected pressure is not abnormally low compared
to those for eether structures of this test. The lowered front loading results in a negative net
pressure throughout the entire pseudo-steady-state period. A tendency toward this same e’f-
fect is shown for Structure 3.le on Shot 10. Here the net pressure is zero throughout most of
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the pseudo-steady-state phase, as shown in Fig. 4.36. Structure 3.11, whose size is between
that of 3.la and 3.le, is shown In FIgs. 4.37 and 4.38, for Shots 9 and 10, respectively. It can
be seen from these figures that the net pressure during most of the pseudo-steady-state phase
is zero on Shot 9. However , the net pressure is positive on Shot 10 (i.e., a net loading in the
downstream direction). The wave shape for Shot 9 is more peaked than that for Shot 10, and
the tendency seems to be that the larger the structure and the more peaked the shock, the
stronger the tendency is toward a negative net load. In neither of these cases was the struc-
ture long enough in comparison to the wave duration to allow for the pressure at the rear at
any given time to be larger than that at the front , due simply to their relative positions with
respect to the wave length.

4.7.3 Conclusions on Size Effects

The objectives of size effects studies were to investigate time-scaling and check for the
occurrence of the peaked shock effect. These objectives were fulfilled.

4.7.3.1 Relation of Pressures on Geometrically Similar Structures

The pressure-time curves on the top and rear surfaces of geometrically similar struc-
tures can be satisfactorily obtained from one another by multiplying time scales by the cor-
responding ratios of structure sizes.

4.7.3.2 Peaked Shock Effect of Structure Height

Peaked shock effects resulting In negative net loads were observed for a structure hay-
ing r 0 = Ut 0 ’H = 66. This is primarily due to lowering of pressures on the front surface. No
analytic treatment was attempted.

4.8 EFFECTS OF ORIENTATION

Structures 3.la, g, and h were grouped in order to measure orientation effects. The in-
tended orientations and as-built dimensions of these structures are given in Chap. 2. They
are shown in Figs. 2.6, 2.13, 2.14, and in 2.23 through 2.26. However , both Shots 9 and 10
were slightly misoriented from the intended Ground Zero. The actual angles of orientation
are shown for the various surfaces of Structures 3.lg and h in Table 4.8.

The comparisons given in the following paragraphs were made to measure orientation
effects.

4.8.1 VarIation of Peak Pressure on Obliquely Loaded Surfaces

The pretest prediction for variation of peak obliquely reflected pressure, Q, with angle
or orientation, 9, for obliquely loaded semifront surfaces is given in Table 3.1 and Fig. 3.17.
Experimentally determined values of this peak pressure for various surfaces of Structures
3.la, g, and h are plotted as a function of orientation angle, 0, in Fig. 4.144. The values of the
theoretical peak pressure, Q, defined in Chap. 3, and used in connection with FIg. 4.171 have
been computed for the actual conditions present at Shots 9 and 10 and are plotted next to the
measured values of peak pressure. Although the measured values are in every case lower
than those predicted, they compare favorably since It will be recalled that, even under nor-
mal orientation, measured values of peak pressure are usually lower than the predicted re-
flected pressures, d~o to the response time of the gages. It is believed that the value of true
peak pressure is vez y closely approximated by a single straight line connecting the end points
of the pretest prediction curve of Fig. 4. 144.

4.8.2 Impulses on Obliquely Loaded Surfaces

The angle of orientation for various surfaces is defined in Table 4.8, Numerical values
• of 0 for semifront surfaces are also given. Areas under the pressure-time curves during the
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diffraction phase were measured and compared to the areas under the corresponding pretest
prediction curves. Figure 4.145 summarizes the results of this analysis and indicates that
the diffraction impulse decreases continuously as the angle of orientation 9 increases from 0
to 90 deg., i.e., from normal ref lection to parallel flow. A post-test development Indicates
that the diffraction impulse on semifront surfaces can be obtained using the pretest method of
prediction with a correction factor of [1 — ‘/2(9/90)1, where 9 is expressed in degrees. Actual-
ly, the straight line approximation through the experimental points of Fig. 4.145 would yield a
correction factor of [0.95 — (0.479/90)]. However , since about the same degree of accuracy Is
obtained using either of the above correction factors, the former expression has been Ll~osen
because it is simpler . The pressure-time curves used as a basis for constructing Fig. 4.145
are presented in Figs. 4.146 through 4.152.

TABLE 4.8—Actual Angles of Incidence, 0 ,
for Obliquel y Loadod Structures 3.lg and h

Shot 9 Shot lO
0g ~li ~g 9h

Surface (deg) (deg) (deg) (deg)

Front 1314 36 21 4314
Right SIde 761/2 54 69 46’,4
Left Side 10314 126 111 13314
Rear 166’~4 144 159 13614

4.8.3 Conclusions on Orientation Effects

The effects of orientation were only partially fulfilled since the drag coefficients , which ~~. 

-

were treated in great detail in the pretest prediction, could not be checked and considerable r ~instrumentation difficulties were encountered on the oriented structures.

_ _ _ _ _ _ _ _ _  

f i4.8.3.1 Peak Pressures

Satisfactory agreement exists between the experimental values and pretest predictions
for peak pressure on obliquely loaded surfaces. Peak pressure, Q, varies linearly with angle
of incidence, 9, between normal and parallel orientation (at least for overpressures up to 6
psi).

4.8.3.2 Diffraction Impulse

The pretest prediction of diffraction impulse on obliquely loaded surfaces gave values
which were higher than measured impulses. A correction factor to be applied to the pretest
prediction is recommended, namely, the factor [1 — ‘4 (9/90) ].

4.9 EFFECTS OF SHIELDING

Structures 3.11 to n, which are pairs of thin walls similar to the isolated thin wall of
Structures 3.ld, separated by a varying distance (3, 6, and 18 ft , respectively), were studied
here to determine the effects of shielding. Sketches of these pairs of thin walls are shown in
Figs. 2.9 and 4.153. The as-built gage locations are shown in detail In Figs. 2.28 through 2.33.
Structure 3.ld, the isolated thin wall, which is also shown in Fig. 4.153 for the purpose of
comparing gage locations on its surfaces to corresponding surfaces of the pairs of thin walls
of Structures 3.11 to n, has its as-built gage locations and dimensions given in detail in Figs.
2.17 and 2.18. Comparisons between shielding and shielded walls and an Isolated free wall
have been made as described in the following paragraphs.
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4.9.1 Comparison to Isolated Thin Walls—Assumptions Required to Obtain Net Loads
The variations in pressure on any surface of these walls resulting from the proximity of

the thin wall Is negligible compared to the total pressure on that surface. However , compared
to the net load on either shielding or shielded wall, these same variations in pressure are
significant . By assuming that the front surface of Wall No. I, for Structures 3.11 and m , has
the same pressure-time curve as the front of Structure 3.ld and that the rear surfaces of
WaLL No. 2, for Structures 3.11 and m, have the same pressure-time curves as for the rear
surface of Structure 3.ld, net loads were computed for each of these walls.

The net average pressure-time curves for Structure 3.ld and for both walls, Nos. 1 and
2 (i.e., the shielding and shielded walls) of Structures 3.11 and m, are shown in Figs. 4.33 ,
4.34 , and 4.49 through 4 .56. The diffraction phase of loading Is shown by an expanded time
scale, t = 0 to 0.16 sec In Figs. 4.55 through 4.57 , and the pseudo-steady-state range of load-
ing Is shown until the time I = 0.7 sec In Figs. 4.49 through 4.52.

TABLE 4.9— l~atlo of Net Impulses on Structures 3.11 to n I o I i~pul se m l  Sc ruel U re 3. Id Shmmt 91

r i me of
I nipul sm - . I~ I ~npUl $t of Umi SLI rfa m e  —

(see) lmpulai of 3.Icl
Ii

Front of Structure 3.ld m i n u s  rear of Wall No. 1 of Structure 3.11 0.091 1 .07:)
Front of Structure :1.ld minus rear of Wail No . I of Struvtore 3.’im 0.090
Front of Structure 3.ld minus rear of W att No. I of Structure 3.11 0.680 1.370Front of Structure 3.ld mi n u s  rear of Wall No. I of Structure 3.tni 0.5110 0.20:1

-
• Front of Wall No. 2 of Structure 3.11 minus rear of Structure 3.ld 0,1’25 ((.210

Front of Wall No. 2 of Structure 3dm minus rear of Structure 3.Ld 0.12(1 (1.397
Front of Wall No. 2 of Structure 3.11 minus rear of Structure 3.ld 0.681) 1.007Front of Wall No. 2 of Structure 3.lm minus rear of Structure 3.ld 0.520 0.591

— By taking the areas under these curves, net impulses can be computed during any desired
interval of time, By arbitrarily choosing the end of the diffraction phase to be that lime at

• which the curve begins to smooth off and become less jagged, ratios of the Impulses on these
shielding and shielded walls with respect to the net impulse on Structure 3.ld, the Isolated
thin wall, were computed and are entered in Table 4.9. Each of these impulses was computed
by taking the area under the curve until some time, tf, shown in this table, with all the areas
beginning from time equal to zero. Curves relating net impulse on the wall for the’ shielding
and shielded walls to the distance separating them are shown in Figs. 4.155 and 4.156. In
these figures, the ordinates represent the ratio of the net impulse on any given wall to the net
impulse on Structure 3.ld, while the abscissa represents the ratio of the distance between
wails to the wall height. The curves are based on very limited data and are not considered to
be suitable for use in future loadIng predictions. The following discussion Is intended to
clarif y the relation between these curves and the experimental data.

Wall d, which Is isolated, is also represented by the case’ wherein there are two walls
In finitely far apart. Therefore, the ordinate approaches a value of 1.0 asymptotically as the
abscissa goes to Infinity. Intuitively, one feels that for any given wall, the elects of the other
wall are insignificant at some finite distance of separation. Aside from the above-mentioned
asymptote as the abscissa goes to infinity, onl y two experimental points are known for each
curve of FIgs. 4.155 and 4.156. These experimental points Indicate only the general direction

• of the curves. A solid line indicates the most probable shape of a curve ~n the vicinit y of ex-
perimental points, whereas the dashed lines arc’ more approximate sInce they apply to those
regions of the figure for which no experimental points are available.

It Is interesting to observe in Table 4.9 that for both waiLs, Nos. I and 2. in Structure
3.11, separated by a dIstance of one-half the height, the total impulse is higher than for an
iaolated thIn wall. For Structure S.lm, where the walls are separated by a distance of one
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height unit, the total impulse is lower than for an isolated thin wall on both the shielding and
shielded wall. In addition to the net loads studied above, pressure-time curves for individual
gages In similar locations on the walls of Structures 3.11 to n were compared to similar gages
on Structure 3.ld. The’ impulses, i.e., the areas under the pressure-time curves, for gages
located on surfaces of the pairs of thin walls were normalized by the impulses of similar
gages on Structure 3.ld. No conclusions could be drawn on the basis of these impulses, and
they are not presented here.

St ructure 3.in was very lightly gaged, having only one gage on each of two surfaces , and
these gages were located in re-entrant corners , making this structure of little interest in
dealing with either net average pressures or average pressures oi~ a surface. However , It is
pointed out here that the pretest assumption, namely, that no reflected pressure would be felt
on the rear surface of wall No. 1, Structure 3.ln, due to the large separation ratio of S times
the height , was incorrect, These gages, in fact , show the highest reflected pressures found
on any of the 3.1 structures in this overpressure region. Perhaps this is due to the fact that
the wave reflected from the second wall strikes the first wall head-on, rather than obliquely
as is the case at the shorter separating distances.

4.9.2 ConclusIons on Shielding Effects

This objective of the test is only partially fulfilled. The main reason was that the pretest
predictions were much simpler than the field records. The results of this test are not ado-
quate for deriving an accurate method of prediction.

For pairs of thin walls separated by a distance of one-half the height, the net diffraction
impulse on each wall is greater than on an identical isolated wall. At a separation distance of
one height unit , the net diffraction impulse Is less than that of a free wall .

Reflections from the shielded wall affect the loading of the shielding wal l significantly at
separation distances of three and even more height units. In the range of shielding distances
between one-half and three height units, the loading on the back of the shielding wall appears
to increase as the wails are placed farther apart.

4.10 EFFECT_OF ELEVATION ABOVE GROUND (GROUND PROXIMITY)

As was anticipated, no significant ef,~cts of elevation could be detected during the pseudo-
steady state. Simplified pressure-time curves for the front and rear surfaces are presented
in Figs. 4.157 and 4 .158. Although there was one gage on the front surface of Structure 3.Io ,
the records were not good and are not included In this comparison. Pressures on the bottom
surfaces are discussed separately below.

The effect of elevation above ground can best be studied from Figs. 4. 159 to 4.162 , which
show the pressures at the gages located at the bottom faces , together with the pretest pre-
dictIons. The most outstanding difference between the pretest predictions and the test results
is the fact that the predictions do not take into account the vortex effects , which are quite
pronounced in the case of a bottom surface . On the other hand the comparison for peak value’
indicates fair agreement , as shown In Table 4.10. One can conclude from this table that , at
the lower overpressures, the pressure multiplication can be neglected.

The measured averages on the rear surfaces (see , for example, Fig. 4.164 or 4. 165 for
Structures 3.to, Shots 9 and 10) agree with predicted initial build-up slopes and final pseudo-
steady-state values, but they exhibit larger final build-up times, due to the effect of vortices.

4

4.10.1 Conclusions on Effects of Elevation Above Ground
The elevation effects objectives were ’ only partially fulfilled. Inconclusive results we’re’

obtained regarding the values of the clearing distances and build-up distances on the front and
-

• 
rear surfaces .
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4.10.1.1 Net Impulse

No effect.

4.10.1.2 Pressure Increase on Underface

For Shot 10 the pressure increase was 3.5 pat. No effect was observed. For Shot 9 the
pressure increase was 6 psi, approximately as predicted (see Figs. 4.159 to 4.162).

4.10.1.3 LoadIng on Rear Surfaces

Vortex effects led to predicted rear build-up and pseudo-steady state but delayed final
build-up time. Good agreement exists between predicted and measured values of pressure
during the pseudo-steady-state phase. A vortex, which results in significant lowering of
pressures, was observed but not predicted. It occurred immediately after the peak pressure
was reached.

TABLE 4.10—Rat io of Peak Pressures to
Side—on Pressure at flottom of Elevated

Structures

Predicted Measured

Shot 9
3.1o 1.21 1.23
3.lp 1.19 1.29

Shot lO H3,lo 1.21 1.00
3.lp 1.19 1.02

4.11 IRREGULARLY SHAPED RECTANGULAR STRUCTURE 3.lq

Structure 3. lq is the only model considered in studying the effects of irregularity in
shape of these cubicles. The difference in shape between Structure 3.lq and the other struc-
tures was discussed In Chaps. 1, 2, and 3. The schematic loadings were given In Chap. 3, and
in this section frequent reference is made to Chaps. 1, 2, and 3. Experimental data are corn-.
pared to the pretest predictions, as well as to shock tube results. Although no revisions of
pretest predictions are made In this section, conclusions are drawn from which future re-
visions can be based.

4.11.1 Relation Between Pretest and Post-test Analysis

The specific reasons for studying a structure such as StructuL-e 3. lq were discussed in
Chap. 1. It was pointed out in that chapter that the effects of loading In cavities, setbacks, and
re-entrant corners are of interest since, in dealing with actual structures, such irregularities
of shape from the idealized models are frequently encountered. FIgure 2.10 exhIbits the
specific type of shape Irregularities under study here. Figure 2.12 shows some of these shape
characteristics photographically. Detailed dimensions, giving the gage locations, are pre-

• •
~~~~~~~~~~~ sented In Figs. 2.38 through 2.40, together with the as-built dimensions of the structure. The

pretest prediction of loadings on various surfaces of Structure 3.lq are given in Sec. 3.4.7,
together with the schematic loading diagrams of Figs. 3.21 to 3.23. As pointed out in Chap. 3,
the structure is desIgned especially to measure pressure multiplication in re-entrant corners.

~~~~~~ 

‘ In addition, it studies the changes in relief time in such corners .
The post-test analysis of this section consists of (1) checkIng pretest predictions againstC the experimental pressure-time curves on the various surfaces and (2) comparIng shock tubeC pressure-time curves of the Princeton double block to individual gage records placed on the

surface of the open end ed notch (formed by Sections A— A and B—B). Comments are made on
each of these graphical comparisons.

-

~~~~~~ 
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4.11.2 Presentation of Data

As can be seen from Figs. 2.38 through 2.40, gages were strategically placed on Struc-
ture 3.lq to measure special effects , as described below.

On Section A—A , 3 gages were placed near the open end of a surface which is similar to
the front of the second block of the Princeton double block model. Gages qi and q2 indicate
the initial effects of a wave entering through the opening at the roof. Higher reflected pres-
sures should be felt near the opening than at points nearer to the ground (such as at gage q3).
Gage q4 is located on a surface similar to the back of the first block of the Princeton double
block shock tube model and gages q8 and qIO are on a surface analogous to the floor between
the two blocks. The pressure-time curves for these gages are normalized into percentage of
side-on pressure, and the time values are expressed in H/U or L/U , instead of seconds, for
direct comparisons to the Princeton data.

On Section C—C of Structure 3.lq, gages q5, q6, and q7 are situated so as to measure the
relief time at a point which is very near to one free edge but set back from the other free
edge. Gage qi 1 measures the effects of relief of reflected pressures on a surface parallel to
the direction of flow, so that it will experience both the initial shock front and the reflected
wave returning from a reflecting surface located downstream. Gage q12 measures the relief
time on a surface frequently found in real structures.

Comparison of gage records to the pretest prediction pressures are shown only until the
time t 0.12 sec , for the purpose of observing details of the diffraction loading. In compar-
ing gage records to shock tube pressure-time curves, the plot is continued only until a time 

- 
• -• varying between 10 to 15 of the dimensionless time limits, because the shock tube pressure-

time curves were available only until this time.

4.11.3 Comparison of Individual Gages on the Same Surface
Average pressure-time curves were compared to the individual gage readings. In addi-

tion, individual gage readings were plotted together during the pseudo-steady state of the load-
ing but are not presented here. Instead of presenting these individual gage readings, the fol-
lowing qualitative discussion is given below. Gages ql, q2, and qS, discussed above, were
compared during the diffraction phase. For both Shots 9 and 10 higher pressures were ex-
perienced for gages nearer to the ground than for those near the roof . (Gages qi and q2 are
near the roof, and gage q3 is near the ground.) No similar trend was observed for gages q5,
q6, and q7 on the setback surface of Section C— C nor for gages q8 and qlO on the left eleva-

• tion. For all the above-mentioned gages, during the pseudo-steady-state phase, the shape of
the pressure-time curve was similar to those of upstream or downstream surfaces not lo-
cated within a notch.

4.11.4 Comparison of Pretest Predictions to Pressure Records
In Fig. 4.166 gages ql , q2, and q3, on Section A— A, are compared to the pretest prediction

for the average pressure on this surface. Zero time is referred to as the time at which the
shock strikes the front of the structure which accounts for the time phase delay. Although
these three gage readings are nearly identical after the time t = 0.015 sec , they differ before
this time in that the reflected pressure on gage ql is never as high as for gage q2 or q3, but
It shows that two peak values occur. Gage q2 is located near gage qi but closer to the re-
entrant corner and shows a higher value for the first reflected pressure. Gage q3 shows the

4 highest value of reflected pressure with the longest time required for relief. Gage q3 Is
really representative of pressures over most of this surface and would compare favorably

• with the pretest prediction if a change in the shape of the pressure curve is made without
changing the area beneath the curve, that is, maintaining the same diffraction impulse. On
both Shots 9 and 10 the experimental loadings deliver impulses which are roughly equal to

a those of the pretest predictions, although much more jagged curves are observed for the field
records. At extremely high overpressures the field records may indicate greater impulses,
and perhaps this prediction should be revised after shock tube studies on these structures are
completed.

•U ~~IUT R!J TIL~ ..I uL II ~~~~~~
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Gage q4 represents a similar case to that just discussed above, in that the predicted and
experimental impulses are roughly equal, and the experimental peak reflected pressures are
considerably higher than the predicted values, and their curves are more jagged.

Gages q5, q6, and q7 show that immediate relief from the nearby free edge reduces re-
flected pressures to about 125 per cent of side-on and that relief to the expected pseudo-
steady-state values from this higher value is delayed somewhat by the presence of the wall
from the setback.

Gage q12, located on the front surface in a cavity similar to that of a usual doorway
(surface 1), shows a peak pressure much higher than predicted and is believed to be a mis-
caLibrated gage. (The experimental reflection coefficient would be equal to three, Pr’ p0 3.0.)
This gage record also shows a very rapid relief to a pressure less than side-on before reach-
ing the pseudo-steady-state value. The diffraction Impulse is somewhat higher than was pre-
dicted, but this is to be expected from a miscalIbrated gage whose pressure readings are too
high.

4.11.5 Comparison with Shock Tube Results

Figure 4.174 shows the relation between the notch in the side of Structure 3.lq and that • 
-

of the Princeton double block. The Princeton double block is purely two dimensional, having
both ends of the notch closed by the shock tube walls, whereas the notch of Structure 3. lq has
one end closed at the ground surface and the other end open at the roof. In Figs. 4.175
through 4.179, which show the pressure-time curves on various surfaces of these two similar ~‘ I
notches, the following observations are made: Fig. 4.175, which compares the pressure
record of gage q3 on Shots 9 and 10 to that of the front surface of the block, shows that the
field records have higher reflected values and shorter relief times. This may be due to the
nature of the Princeton pressure-time curve, which was derived by averaging pressures
throughout the surface Instead of at some particular point, as for gage q3. The comparison
between Shots 9 and 10 Is very good in thIs normalized form, showing the peak reflected . Hpressure to be slightly greater than two times side-on. It can also be seen that , by preserving I ~areas , the impulses determined from the field records can be made equivalent to that of the 

fshock tube model.
The average of gages qi, q2, and q3, obtained graphically, is compared to the Princeton

model for Shots S and 10 in Fig. 4.177. This figure shows that, after averaging these three
gage records, the reflected pressure is very nearly the same as for the shock tube model,
but that no appreciable increase in impulse Is obtained from lengthening of the relief time.
This can be expected for two reasons, namely: (1) the diffraction impulse averaged over the
surface should be slightly less for the Structure 3.lq notch because one end is open, allowing
for quicker relief , and (2) the averaging of pressures between gages qi, q2, and q3 did not
consider ~‘weighting of areas” for the gages and therefore overemphasize the effects of gages
qi and q2 near the opening at the roof.

Figure 4.178 compares the loading on the rear of the first block of the two similar notches
described above. For the Structure 3.iq notch the ratio of length to height is equal to one,
whereas length to height equals 1.5 for the Princeton shock tube notch. It was not immediate-
ly obvious which dimensionless time unit should be chosen, L,— U or H/U. For the loading on
this surface, as can be seen from Fig. 4.178, a better comparison is obtained using L U as
the dimensionless time unit. This was tried for Figs. 4.175 and 4.177, but it did not give a
favorable comparison for the surface treated in those figures.

The pressure on the floor of the notch between the Princeton blocks is compared to tfr
surface marked left elevation in Fig, 3.50, containing gages q8 and qlO, and to the gage .jn the
ground between walls 1 and 2 of Structure 3.lm. These three cases represent a notch with
both ends closed, one end closed, and both ends open, except that the geometry In the up-
stream and down-stream direction from these notches differs. (The shock tube uses blocks
3.lq as a notch in a much larger block and Structure 3.lm is formed by two thin walls.) For
the average of gages q8 and qlO of the notch, the diffraction impulse is nearly the same as
that on the floor between the blocks in the shock tube. On the ground surface between the two
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walls of Structure 3. im, the impulse is much higher than on corresponding surfaces of either
of the above cases (Structures 3.lq and the Princeton double block) for both Shots 9 and 10.

4.11.6 ConclusIons on Effects of Irregul.~rly Shaped Rectangular Structure
The intended objectives of loading on irregularly shaped objects were completely fulfilled.
The loadings on the surfaces of Structure 3.1q in general had the same diffraction Im-

pulses, but higher reflected pressures and faster relief times, than were given in the pretest
predictions.

Normalized pressure-time curves on surfaces of the notch at the sides were also com-
pared to Loadings on corresponding surfaces of the Princeton double block. Here, again,
higher peak (re-entrant corner) pressures and shorter relief times were observed on Struc-
ture 3.lq than on the Princeton double block, but the diffraction impulses were roughly the
same.

4.12 REGULAR REFLECTION EFFECTS, STRUCTURES 3.Is AND t (SHOT 9)

The Load predictions for structures In the regular reflection region, Structure 3.ls and t ,Shot 9, were given in detail in Chap. 3, Figs. 3.1 and 3.2. P.The basic constants to be usert for the pretest predictions on structures 3.ls and 3.lt are

Structure 3.ls Structure 3.lt

p,~(0) 16 psi p~(O) = 11.5 psi :~
P0 = 13.2 psi P0 13.2 psi

c (Fig. 5.5) = 0.98 c (Fig. 5.5) = 1.33
to 0.76 see t0 = 0.68 sec
a = 30 deg a 44 deg

Angle of orientation Angle of orientation
O 3o deg ô~ l6 deg

The net load predictions are given in Figs. 4.180 to 4.183, and the corresponding experi-
mental results are given in Figs. 4 .45 to 4.48. Considering that Structure 3.1s was probably
located in a pseudo Mach stem region due to a thermal layer (Appendix C) and that there was
some orientation effect (see also Sec. 4.14), the agreement is fair.

4.12.1 Conclusions on Regular Reflection Effects
The regular reflection objectives were only partially fulfilled. The rather elaborate pre-

test predictions given in Chap. 3 could only be tested in two instances of incidence angles of
30 deg (Structure 3.ls) and 44 deg (Structure 3.lt). In the former both peak pressures and
pseudo-steady-state values were somewhat overestimated, whereas on the latter they were
somewhat underestimated, but on the whole the agreement is fair (see Figs. 4.180 to 4.183).

4.13 PRECURSOR EFFECTS, STRUCTURES 3.ls AND t (SHOT 10)

On the basis of the discussion in Appendix A, a schematic loading scheme which yields
the entire net loads for block like structures in a precursor region may be constructed.
(There are no diffraction loads on Structure 3.lt. ) For the conditions of Shot 10 this scheme
would consist of a linear rise from zero pressure to a peak value equal to the product of the
drag coefficient for the structure times the ideal surface dynamic pressure at this ground
range, I.e., Cdpd(t). This peak is followed by a linear decay to zero pressure at the end of the
positive duration of the wave. To extrapolate this loading picture to other bomb yields, one
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method would be to multiply the tIme of the peak pressure by the cube root of the ratio of this
bomb yield to 15 kt , i.e., by (W l5)~~, to give the new time of maximum pressure , with decay
to zero pressure occurring at the time of the positive phase for the ne~ yield. This schematic
loading scheme is shown in Fig. A.29 and is reproduced in Fig. 4.184 for the conditions on
Structure 3.lt.

The loads given in Fig. A.29 represent a smooth variation in net pressur e’. To this load-
ing scheme, in order to represent the actual loading conditions , a random oscill~tI,,n must be
superimposed. This oscillation should range in magnitude up to 50 per cent of the peak as
given in Fig. A.29. Il ls felt that the response of the structure may be considerably altered by
these random oscillations, even if the net impulse remains constant since such factors as
wall breakage may be strongly affected by their presence. Thus a true response picture of
the structure would give some average computed deflection (assuming the building resist-
ances are completely known) with some distribution of deflection about this average.

Although this loading scheme probably represents the best possible current pb tui-e for 
- 

-

block like structures , there are many uncertainties inherent in it (see Appendix A), and a
great deal of further investigation should be performed to resolve these uncertainties. For
reaListic target structures that are partially open, it is felt that the loading scheme presented
here gives an overestimate of the loads since the wave entering the interior may well have ~emuch smaller concentration of dust. In this case the average net pressure experienced by the
building could be closer to the drag pressures computed by means of the Rankine-Hugonii,t
relations from the pressures actually occurring in the blast wave . The blast conditions over
other types of surfaces may also result in much smaller over-all loads.

The loading scheme presented in Fig. A.29 has been obtained on the basis of the conditions
in the precursor for UPSHOT-KNOTHOLE Shot 10. It is possible that the peak pressures act-
ing on a structure for a bomb of very high yield might be considerably larger; therefore for
large yield bombs the loading method presen ted may yield an underestimate of the actual loads
which a structure may undergo.

It must be emphasized that the sc heme of Fig. A.29 which was obtained from data on Shot
10 is based on the theory that the precursor rise time should scale like a hydrodynamic vari-
able. Therefore, in order to apply It to other shots, it is expected that one should preserve
(1) the same scaled height of burst and (2) the same type of surface. Thus the scheme would
not be applicable to Large yield weapons exploded in the Pacific Proving Grounds where both
above conditions were violated. For weapons comparable in yield to Shot 10 in the Pacific
ProvIng Grounds, the predictions of Fig. A.29 should be fairly applicable, despite the difference
in surface condItions.

With these reservations the following conclusions apply: The pressure records obtained
by NOL on Structure 3.lt in the precursor region of Shot 10 are valid. On the basis of these
records it may be stated that the loads on the structure were of unusually high magnitude
compared with loads computed on the basis of peak pressures in the blast wave. Superim-
posed on these loads were random oscillations of large magnitudes.

The effects noticed upon Structure 3.lt may be attributed, in all likelihood, to a Large
amount of dust present in the air which Is carried along by the blast wave. This dust loading
not only has an effect oq the loads experienced by a target , but it also influences intimateLy
the structure of the precursor itself.

A method of computing loads In a precursor is presented in Fig. A.29. It is felt that this
scheme for predicting loads Is probably about as accurate as can be developed at present.
The loads predicted on the basis of this method approximate the drag loads which would be
obtained It the bomb were exploded over an ideal surface.
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4.13.1 ConclusIons on Precursor Effects

4.13,1.1 Pressure Records

NOL records on Structure 3.lt in the precursor region of Shot 10 are valid. Loads ate

high when compared to loads computed on baste of peak side-on pressure. Superimposed are

Large random oectllations.

4.13.1.2 Dust Effects

The effects noticed on Structure 3.lt may be attributed, In all likelihood, to a large

amount of dust present in the air which is carried along by the’ blast wave. This dust Loading

not only has an effect on the loads experienced by a target but also Influences intimately the

precursor Itself.

4.13.1.3 LoadIng Scheme for Precursor , Shot 10

A method of computing loads in a precursor is presented in Fig. A.29. It Is felt that this

scheme for predicting loads is probably about as accurate as can be developed at present.

The loads predicted on the basis of this method approximate the drag loads which wouLd be

obtained if the’ bomb were exploded over an ideal surface.

4. 13.1.4 Applicability to Other Precursor Shots
___ - - - -~~- 

,

It is assumed that the rise time scales like a hydrodynamical variable -

Rise time - 100 (W 15)’~

that is, one must preserve the same scaLed height of burst and the same type of surface.

The most outstanding result from this post-test analysis is the fact that, with few ex-

ceptions, there is no reason at this time to modify the pretest predictions if correct wave

shapes and correct drag pressures are taken into account. This will be discussed later in the

general concLusions. The most Important exception is the post-test build-up coefficient “n”

given in Fig. 4.125. The modifications Indicate that “n” is the same for three-dimensional

thin walls as for finite blocks. W 2H - 1, and the rising slope to two dimensionalitY extends

to the ratio W, 2H -, 5, rather than 3.

4.14 EFFECTS OF ORIENTATION DUE TO DIFFERENCES BETWE!! cI~
AL

~~~~

Owing to differences between actual and designated ground zeros on Shots 9 and 10, there

was a deviation from the normal side-on loading. These deviations extended up to orientations

of 10 deg for Items located In the Mach region and up to 36 deg for items in the regular re-

flection region. It Is felt that these orientation effects can be neglected for the following

reasons:
In the Mach region of Shot 9 when the shock first contacts the obstacle, the pressure on

the front wall would ordinarily rise to Pr, instantaneousLY. The orientation effect introduces

a finite rise time on the front surface, i.e., instead of having an instantaneous rise In pres-

sure from zero to the reflected value, a buiLd-up of average pressure takes place as the

shock front sweeps across the surface. This rise time, t rIse, is

t rtse
W 8

~~~
O (4. 5)

W is the width of the surface under consideration, U is the angle of incidence , and U is the

shock front velocity. The quantity trise is smaLl compared to the diffraction period time for

the structure
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(4 .6)

since for the values of U encountered here, W sin U is small compared to the quantity L + SS(where L = length and S -, build-up distance on back surface) and is entirely negligible coin-pared to the positive phase duration, t,. This relation has been observed in ARF shock tubatests on obstacles of H : W: L 1: 2 3 for the Effects of Orientation Program. Thus the ratioof rise time to diffraction period (for ~ = 15 deg) is only 10 per cent , and the diffraction im-pulses are practically identical with those of head-on orientation , t? 0.For items situated in the regular reflection region of Shot 9, the pressure on the frontwall reaches Its peak value at t = (211 cos c~ U) which is of the same order of magnitude asW sin U , U for the test conditions of Shot 9, namely, 30 deg — 44 deg; 16 deg 
~
- U 30 deg; 

*
and W H 2. For the extreme limit , where the orientation rise time is two-thirds of theregular reflection rise time (Structure 3.ls), the diffraction impulse is probably the same asif U were taken as zero since the effect of a decreased peak pressure and an increased iii! -fraction period tend to cancel when computing their product which is proportional to the dif-fraction impulse. Thus the effect of orientation can again be neglected for the items in theregular reflection region of Shot 9.

In the case of Shot 10 the maximum value of U is only 4 deg and therefore negligible incomputing the loads on the test items of Project 3.1.
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Fig. 4.5—Peak preuure vs distance from Ground Zero, Shot 9.
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Fig. 4.6—Peak pressure vs distance from Ground Zero, Shot 10.
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Fig. 4.8—Free nream dynamic pressure. Shot 9.
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Fig. 4.9—Free stream dynamic pressure. Shot 10.
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Fig. 4.10—Individual gage records, Structure 3.la, front surface. Shot 9.
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Fig. 4.11—Individual gage records. Structure 3.la, front surface, Shot 9.
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Fig. 4.13—Individual gage records. Structure 3.1*, top surface, Shot 9,
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Fig. 4.16—Individual gage records. Structure 3.lc. top surface. Shot 9.
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Fig. 4.18—Comparison of SRI and SRI check gages.- Structure 3.1*, gages 1 and Ia , Shot 9.
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Fig. 4.19—Comparison of SRI and BRL check gages. Structure 3.1*, gages 8 and Ba, Shot 9.
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Fig. 4.20—Comparison of SRi and 8RL check gages , Structure 3.la. gages $ and 8*, Shot 10.
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Fig. 4.21—Comparison of SRI and BRL check gages . Structure 3.1*. gages 11 and 17a . Shot 9.
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Fig. 4.22—Comparison of SRI and BRL check gages, Structure 3.le, gages 5 and 5a, Shot 9.
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Fig. 4.23—Comparison of SRI and RRL check gages. Structure 3.le. gages 5 and 5*, Shot 10.
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Fig. 4.24—Comparison of SRI and BRL check gages, Structure 3.1g. gages 11 and h a , Shot 10.
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Fig. 4.26—Average pressure on top surfaces. Structures 3.1* to c and e to i, Shot 9.
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Fig. 4.27—Average pressure on rear surfaces, Suucwres 3.la to e, i. and o, Shot 9.
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Fig. 4.28—Average pressure on front surfaces . Structures 3.la . c , d, and Ito h. Shot 10.
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Fig. 4.32—Average front, rear , and net pressures, Structure 3 .lc, Shot 10.
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Fig. 4.34— Average front, rear , and net pressures, Structure 3.Id, Shot 10.
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Fig. 4.44—Average fron t, rear, and net pressures, Structure 3.lp, Shot 10.
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Fig. 4,49— Net average pressure. Structure 3.11, shielding wall, Shot 9.
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Fig. 4.50—Net averag e pressure , Structure 3.ln, shielding wall , Shot 9.
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Fig. 4.51—Net avera ge pressure. Structure 3.11, shielded wall, Shot 9.
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Fig. 4.52—Net average pressure, Structure 3.lm, shielded wail, Shot 9.
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Fig. 4.53—Net average pressure, Structure 3.ld, Shot 9.

0 0.02 0.04 0.06 0.08 0.10 - 0.12 0.14 016 018
TIME, t (sac)

Fig. 4.54—Net avera ge pressure. Structure 3.11, shielding wall, Shot 9.
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Fig. 4.55—Net average pressure. Structure 3.hm, shielding wall, Shot 9.
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Fig. 4.68—Average pressure on front surfacc, Structure 3,la, Shot 10.
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Fig. 4.73—Average pressure on front surface, Structure 3.le, Shot 9.
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Fig. 4.74—Average pressure on front surface, Structure 3.le, Shot 10.
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Fig. 4.76—Avera ge pressure on front surface , Structure 3.11. Shot 10.
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Fig. 4.17—Average pressure on top surface . Structure 3.la. Shot 9.
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Fig. 4.78—Average pressure on top surface, Structure 3.la. Shot 10.
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Fig. 4.79—Average pressure on top surface. Structure 3.lb, Shot 9.
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Fig. 4.80—Average pressure on top surface . Structure 3.lb. Shot 10.
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Fig. 4.81 —Average pressure on top surface , Structure 3.lc, Shot 9.
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Fig. 4.82—Average pressure on top surface, Structure 3.lc, Shot 10.
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Fig. 4.85—Average pressure on top surface, Structure 3.lf , Shot 9.
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Fig. 4.8~—Average pressure on top surface . Structure 3.11, Shot 10.
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Fig. 4.87—Average pressure on rear surface . Structure 3.la , Shot 9.
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Fig. 4.92 —Average pressure on rear surface , Structu re 3,lc , Shot 10.
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Fig. 4.93 —Average pressure on rear surface , Structure 3.ld. Shot 9.
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Fig. 4.95—Avera ge pressure on rear surface . Structure 3.le, Shot 9.
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CHAPTER 5

DEVELOPMENT OF INCREASED DRAG TRENDS

5.1 INTRODUCTION

Vast strides have been made in recent years in the estimation of force-time functions for
targets exposed to long duration blast waves. This work has been almost exclusively of an em-
pirt eal nature , guided by a meager understanding of the interaction between a region of fluid in
which conditions are rapidly changing and an obstacle Immersed in that fluid. Wherever deemed ~‘ -
accurate, these investigations have utilized concepts of long standing in the field of steady-state
fluid dynamics. It is believed that this adoption of steady-state flow concepts should be evalu- 

‘ -ated more closely by means of the latest large-scale field test results in Operation UPSHOT-
KNOTHOLE.

The blast loading of a structure is a highly transient process which is briefly described in ‘~
the following steps (see Chap. 3 for a more complete description of the loading): First, the
blast front reflects from the surface of the structure which faces upstream , and then this shock
front moves through and around the structure , diffracting so that the flow is carried to all sur-

- - faces. A pe r iod of development of flow follows in which the diffraction pressures decrease, and
a flow pattern develops which approaches , to some degree, the pattern which would exist if the
structure were exposed to a steady wind , i.e., the drag phase.

The development of a loading theory for structures whose damage is principal ly due to drag
loading has , however , been severely hampered by extreme difficulty in attempts to correlate
forces on the structure with pressures and with flow velocities In the blast wave during the drag
or pseudo-steady-state phase.

In the past the most common correlation method was to attempt to define a “drag coeff i-
cient ” (a constant) for each surface or component of the structure. This coefficient is multi-
plied by the dynamic pressure ( ‘-25 su 2 ),  as computed from the Rankine-Hugoniot conditions , ex-
tended throughout the duration, and added algebraically to the blast wave side-on pressure to
yield the average pressure (and ult imately,  the force) on each structural surface or component.
Such coefficients are determined from three sources: ( I )  full-scale and model field tests using
explosives , (2) wind-tunnel (steady-state) experiments , and (3) shock tube tests. The drag coef-
ficients determined from these sources have , however , been in disagreement , and there has
often been disagreement among various studies within each source (see Fig. 5.10). The latest
large-scale field test data just add a few more points to a highly controversIal field. Briefly,
one finds in these tests an increased drag force , over that predicted by pretest methods, which
assumed that the Rankine-Hugoniot relation (see Eq. 3.3) determInes the drag pressure through-
out the entire period of the decaying blast wave and not only at the chock front. Whether this
increase in drag force is to be ascribed to the coefficient C11 or to the dynamic pressure
(‘/2pu2 ) is debatable.
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5.2 NET LOADINGS

Although in the planning phase (or UPSHOT -KNOTHOLE Shots 9 and 10 the loadings onindividual surfaces were of greater interest than the net loadings , the tatter can be obtained
from the teat results as a bonus. A fair knowledge of these net loadings , i.e., the difference be-.
tween front and bac k loadings, does not necessarily require an exact knowledge of individual
front and back loadings. From a phenomenological point of view the net loadings can be divided
into two phases, namely, the diffraction and drag phases. During the diffraction phase the pres-sure rises Instantaneously to reflected pressure, and after a short time , short depending on theratio of building dimensions to positive wave length , U~~, it drops to the drag pressure. Duringthe drag phase the net load decreases monotonicall y to zero. In some applications the timeintegrated net Loads, i.e., the net Impulse , are of Interest. This impulse has been predicted fora many simple shapes En conjunction with other weapons effects programs, and a summary ofthis impulse for some of these shapes, obtained from a forthcoming final report , Comp endium
OH Air Blast E f fec t s  (Directorate of Intelligence , USAF), is presented in Figs. 5.1 to 5.4.Figure 5.1 repeats the symbolic Loading schemes on front and back walls as described in
detail in Chap. 3, Figs. 3.1 and 3.2, The number of build-up time unit s on the back wall, n, asa function of width, height , and length is given in Fig. 5.2. The net horizontal impulses , i .e.,the integrals associated with these pressure-time loadings, are obtained from Fig. 5.1 and arepresented in FIgs. 5.3 and 5.4. Figure 5.3 represents the reduced diffraction impulse per unit
area per unit clearing distance 1DF,j~’ 

whereas Fig. 5.4 presents the reduced drag impulse perunit urea per unit positive wave duration per unit drag coefficient , I un /t.Cd. These impulsesand portions thereof are defined on Fig. 5.1.
In order to use these charts , the following parameters must be given: width in feet , W;height in feet , H; length (in (tow direction) In feet , L; side-on pressure psi , p~; positive wave

duration in seconds , t5; and a wave shape factor ‘ c” to be obtained from Fig. 5.5. The disvus-
sion of the significance of the factor “c” is deferred until the next section. The quantity, h , isfound as follows: 

—In appl ying this chart to a block on the ground , take It = H or W 2 , whichever is smaller.
If the block is suspend ed in air a distance d ~ U above ground , take h =  H• 2 or W/2 , whichever
is smaller . If d ~ H , interpolate linearly in terms of d/H , i.e., take h H[1 — (d/2H)I or W , 2 , 

‘

- 
-

whichever is the smaller. One obtains i~, ~~, and 6 from Figs. 5.3(a) and (b) and 5.4, as follows;

0 = as a function of p~ and n, Fig. 5.3(a)

) = 
~~~~ 

as a function of p~ only, Fig. 5 3(b)

1DR
O —~~-- as a function of p and “c ,” FIg. 5.4 —

For the 3.1 structures, Cd 1,25 (pretest predictions based mainly on steady-state wind -tunnel experiments). The diffraction impulse is computed as ‘UF (hO + L)’) , ib-sec/ft 2 , whilethe drag impulse is 1DR Cd t,6, ib-sec/ft2 .
Two fundamental assumptions regarding the drag phase were used in these pressure-timeand impulse predictions, namely: ( 1) that the drag coefficients are constant and are the sameas those obtained from steady-state wind-tunnel tests, for the particular shapes under con-sideration , although they arc applied to transients of less than one-second duration , and (2) thatthe drag pressure can be expressed in terms of overpressurea at each Instant of time accord-

ing to Eq. 3.3. (This equation is theoretically valid only at the shock front , i.e., for t 0.) Thisassumption leads to the conclusion that the drag pressure should vanish simultaneousl y with
• overpressurei , i.e. , at the end of the positive wave duration .

In the li ght of experimental values of net loadings obtained from the 3.1 structures on
• Shots 9 and 10, these ’ assumptions have been critically reviewed. The second assumption was

25 1
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found to be inadequate from theoretical considerations. These considerations (treated in detail
in Appendix B) are summarised in the next section. Their significance , in terms of the test
conditions of Shots 9 and 10, can best be understood by stating tha t drag impulses, in terms of
the revised predictions approach, are up to twice the value calculated by the assumed Rankine-
Hugoniot equation , which essentially assumed an tsentropic relation in the decaying blast wave.

The measured net loadings for Structures 3.la to p are presented in Figs. 4.8(a) and (b) . One
notes Immediately that they tend to decay almost linearly, rather than exponentially, which is
the first indication of increased drag trends.

5.3 SIDE-ON PRESSURES

Although at various points throughout the space free stream infinite atmosphere side-on
pressures have quite similar wave shapes in the overpressure regions of practical interests,
the reflected pressures (near the ground) have a wave shape dependent on the position of the
bomb release with respect to the target location. These wave shapes can be~computed approxi-
mately from data published by L. J. Vortman on peak overpressures , durations, and impulses
(Sandia Corporation, Pred iction of In csdent Pre ssure - Time Curves for Nuclear Exp losions) ,
by assuming that the side-on pressure-time relation can be approximated analytically by the
expression

pg(t) = Pg(O) e ’~4~t/t. (1 — t/t,) ( 5.1)

where p0(O) is the initial side-on pressure (at the shock front) and t~ the first positive phase -
~~

duration (for side-on pressures). The wave shape factor “c” describes the decay of the wave.
By integrating Eq. 5.1 between the limits t = 0 and t = ~ and setting the analytic expression

for impulse equal to the measured impulse values

e~~ + C — 1p ( 0) . . , c � 0 f -

= p~(t) dt 
1 (5.2)

p,,~(O). to . ~~, c = 0

one obtains from the measured 
~a~

0) and to values a chart of “c” contours as a function of scaled
height and distance (see Fig. 5.5). Although this chart was not based on data from UPSHOT-
KNOTHOLE Shots 9 and 10, the “c” values

c ~ 2.0 for Shot 9 (5.3)

C ~ 0.5 for Shot 10 (5.4)

lead to wave shapes which agree remarkably well with blast line results at distances from
Ground Zero corresponding to the 3.1 structures (approximately 5000 ft). Table 5.1 presents
numerical values of

I p /P~(O) . to

as a function of “c” obtained from Eq. 5.2.
This table indicates that one should expect more reduced “ side-on impulse” for conditions

of Shot 10, Eq. 5.4 than for Shot 9, Eq. 5.3. Note that for the conditions of the GREENHOUSE
large-scale field test, the coefficient “c” was nearly equal to 1.0, which justified the fact tha t
the UPSHOT-KNOTHOLE pretest load-prediction methods were based on the analytic expression

= pg(0) e~~4o (1 — tA.) (5.5)
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TABLE 5.1—Reduced Side-on Impulse’ for Various Values of the Decay Coefficient . “C ”

c — 0 0.5 1.0 1.5 2.0 2.5
t~~ 0.50 0.426 0.368 0.321 

- 

0.284 
- - 

0.253

‘Reduced impuise refers to the dimensionless quantity obtained by di-
viding the impulse by the product of peak pressure times wave duration,
e.g., tl~~/t .p,,(0)l is the reduced side-on Impuise and t l tx/t ,~ pd (0)l is the
reduced dreg impulse.

The actual free stream side-on curves for Shots 9 and 10 were obtained by analyzing blast
line test results at ground levels along the 5000-ft arc from ground zero , corresponding to the
location of the 3.1 structures. These curves are given in Fig. 5.6. Figure 5.6 (a) represents
the adopted average for Shot 9, and Fig. 5.6 (b) gives that for Shot 10. Note that for Shot 9, at
earl y times, these curves are slightly below tha t shape given by Eq. 5.1, but in later portions
of the pressure-time cycle they are slightly above tha t shape given by Eq. 5.1. Al though all
analyses with regard to the calculation of dynamic pressures and dynamic pressure coefficients
will be based on the use of the actual free stream average for side-on pressure , analy tic ex-
pressions for side-on pressure decay can be developed which fit the experimental curve better
than does Eq. 5.1. For Shot 9, a good fit was obtained using the relation

= 
~~~~ ~ + (5.6)

and for Shot 10, Eq. 5.5 was satisfactory.
The impulse obtained by integrating Eq. 5.6 between t 0 and t = to, 1 p - 0.284 p~(O) - 10,

• agrees exactly with that given by Eq. 5.2 fo r c 2.0, as can be seen from fable 5.1. Therefore
• the predicted wave shape, Eq. 5.1, preserves, in the mean , the free stream impulse , and thus

verifies the val idity of the “c” chart , Fig. 5.2, for Shot 9 test conditions , although, in deriving
this chart , no Shot 9 test data were included .

5.4 DRAG PRESSURES

The dynamic pressure—or drag pressure—results from the kinetic energy of the moving
fl uid and is defined as the product of one-half the density times the square of the particle ve-
locity, namely,

Pd (t) = p(t) [u(t)]2 (5.7)

where p(t) is the density-time and u(t) the particle velocity-time relation. These state variables
are related at the shock front by means of the Rankine-Hugoniot relation s to the side-on pres-
sure and absolute pressure, P5, namel y,

p(0) [u(0)~
2 = 

2 LPIT(O)j (5.8)

By means of assumption 2 in Sec. 5.2, one obtains

(t) [u(t)J ’ 2.5[pe(t)~ ( 5 9)2 p 
~~~~ p,,(t)

The quantity p,,(t) for the evaluation of Eq. 5.9 is the average experimenta l pressure-time
curve of Fig. 5.6. It can be presented analyticalty by the approximation , Eq. 5.6. The resulting
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dynamic pressure-time curves for Shot 9 are given in Fig. 5.7(a) and are given for Shot 10 in
Fig. 5.7(b) . For future work , where , however , complete side-on time relations are not available
from test results, the calculations of roughly the same shape, as given in Figs. 5.7(a) and (b),
can be accomplished by means of Eq. 5.1, supplemented by the “c” chart , Fig. 5.5, as follows:

For weak and moderate shock strengths (for example , the condition of Shots 9 and 10 near
the 3.1 structures) the denominator in Eq. 5.9 is a slow ly varying function compared to the
numerator , and , hence , the following simplification is indicated

p (t) p (0) !iLi~. (5.10)
~ P~ (0)

where 
~~~~ 

is given by Eq. 5.8 and the reduced side-on pressures p~(t)/p~(O) are obtained from
Eq. 5.2. Hence the application of the Ranklne—Hugoniot relations leads to the result that dynamic
pressure decays faster than side-on pressure , approximatel y as the squared value.

The drag impulse is found by integrating Eq. 5.10 between the limits 0 to ~

2c1 — 2c + 1 — e 2c

4c~ 
,c .rO

-- 1 
~~~~~ 

= 1 
(5.11)

Jo pd (0) 10 3, c O  4

where the wave shape factor “c” is obtained from Fig. 5.5.
Table 5.2 presents numerical values of ‘nG/P d (0) ~ as a function of “ c” obtained from

Eq. 5.11.

TABLE 5.2—Reduced Drag Impulse’ for Various Values of the Decay Coefficient , “c”

0 0.5 1.0 1.5 2.0 2.5

IDG/Pd (O) . t~ 0.333 0.264 0.216 0. 181 0. 156 0.136

‘Reduced impulse refers to the dimensionless quantity obtained by di-
viding the impulse by the product of peak pressure times wave duration .
e.g., ll po~t~~ (0)l is the reduced side-on impulse and (1~~/t~ pa)) is the
reduced drag impulse.

It follow s from the assumption that the Rankine-Hugoniot relations apply throughout the
decaying blast wave , Eqs. 5.9 and 5.10 , that the drag pressure varies rou ghly as the square of
the side-on pressure. Hence their integrated values, i.e., the reduced drag impulse (the di-
mensionless quantity obtained by dividing the drag impulse by the product of drag pressure
times wave duration ) is always smaller than the reduced side-on impulse (the side-on impulse
divided by the product of side-on pressure times wave duration). This results from the fact
that for 0 < t < to and 0 < c < 2.5; the integrand s satisfy the following inequality :

e et/t t ( 1—  t/t0)~° [e~°1 ~o ( 1 —  t/t )~

It should be noted that , if the actual side-on curve , Fig. 5.6, had been used in Eq. 5.9 and the
first part of Eq. 5.11—this statement is equivalent to the use of Eqs. 5.8, 5.9 and 5.11—on e
would obtain 1~~ = 0.139 Pd (0) ~to which agrees with that given by Eq. 5.11 for c = 2.4 , as can
be seen from Table 5.2. Therefore the predicted wave shape, Eq. 5.1, leads also to dynamic
pressure-time curves which roughly preserve the drag impulse in addition to side-on impulse,
The ratios of these respective impulses, obtained by comparing Tables 5.1 and 5.2, are sum-
marized in Table 5.3.
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From Table 5.3 it is seen tha t the drag to side-on impulse ratio for Shot 9 and Shot 10 test
conditions based on the admittedly incorrect Rankine-Hugoniot assumption , Eq. 5.9, varies
from 1.61 to 1.84.

It is believed tha t the particle velocity, and hence dynamic pressure, do not go to zero at
the same time the overpressure vanishes. By assuming that the Rankine-Hugon iot relations
apply throughout the decaying blast wave, i.e., postulating that dynamic and side-on pressure
vanish simultaneously, an obvious error is introduced. Yet in previou s weapons effects studies ,
this error was assumed to be unimportant as far as its effect on drag pressures and impulses
was concerned due to lack of more pertinent theoretical and reliable experimental data . How-
ever , a recent theoretical investigation based mainly qn free stream data indicated quantitatively
the large error which results in dynamic pressures and impulses by assuming the Ranktne-
Hugoniot relation to appl y throughout the decaying blast wave or energies from the solution of

TA1ILE 5.3—Ratio of Reduced Side—on Impulse to Reduced Drag Impulse
for Various Value s of the Decay Coefficient . “c”

C = 0 0.5 1.0 1.5 2.0 2.5
‘p~~~

d(°)

10~p0(0) 1.5 161 1.70 1.77 1.82 1.86 

the IBM M problem (completed in 1946). This theory Is presented in detail in Appendix B. The 4 -

results can be summarized with the statement that all the ratios given in Table 5.3 should be 4 -

roughly equal to 1, independent of “c~ ’ Thus the quantity u2 and the dynamic pressures decay
roughly like the first power of the side-on pressures and not as the square , as was assumed ~. 

-

previously, i.e.,

Pd (t) 
~ ~~~~ 

e~~t/t , (1 — t/to) (5.12)

Hence in the case of the ~.1 structures exposed to Shot 9, one would , by such a theory as
pr esented in Appendix B, predict 84 per cent more drag impulse than by the present methods

• and In the case of Shot 10, roughly 60 per cent more.
Measu red values of Shots 9 and 10 drag pressures were obtained by interpolating between

Sandia q-gage wave shapes at 4075 and 6500 ft , and for the 3.1 structures at 5000 ft. These
data were given in the UPSHOT-KNOTHOLE report , Dy namic Pr essure Vs Time ’ and Supporting
Air Blast Time Measurements , WT-714 . Al though there was some uncertain ty with respect to
a slight shift in the base line associated with the 6500-ft distance in Shot 9, the interpolation
in wave shape , combined with the computed Rank ine-ilugoniot value at the shock front , places
the measured value between that given by the Rankine-Hugoniot theory, Eq. 5.9 and that by the
theory presented in Appendix B, Eq. 5.12. As seen in Figs. 5.7(a) and (b), this measured q
value is much closer to the curve obtained by the Rankine-Hugoniot approach. It is very dif-
ficult to evaluate the reliability of this test result , particularly since the latest theory predicts
a dyna mic pressure positive wave length duration , t2, roughly 60 per cent larger than the side-
on pressure wave length duration , to (see Append ix B). This effect was not borne out by test
results, although the magnitude of dynamic pressures for ~ ~ t ~ tt were perhaps too small to
be detected. On the other hand, the value of Pd(°) = l/~~(O) [u(0)]2, theoretically well-known,
checks only within 20 per cent at the two locations which form the bounds for the interpolation
In wave shapes near the 3.1 structures.

5.5 DRAG COEFFICIENTS

The drag coefficients are obtained by taking instantaneous values on the net curves for
Structures 3.la to 3.lp, Figs. 5.8a and 5.8b, and dividing them by the dynamic pressure values ,
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FIgs. 5.7(a) and (b), at the same inStant of time. The three values of Cd thus obtained are
shown in Figs. 5.9a and b and correspond to the three values of dynamic pressures given in
Figs. 5.7(a) and (b), namely, the highest value of drag coefficient corresponds to the dynamic
pressure as given by the Rankine-liugoniot approach and the lowest value corresponds to that
given by the latest theory (Appendix B). The drag coefficients, as given by the measured values
of the Sandia q-gages, are fairly high too, but they are not as high as would have been antici-
pated by the Rankine-Hugoniot approach. Note that for points near the ground , to gccount for
the increase in side-on pressure with altitude (which is roughly 0.1 psi per ft), and for an
average structure height of 6 ft , the Increase in initial net drag pressure is only about 20 per
cent. However , although the net pressure does not change appreciably, an increase in altitude
above the ground level would easily shift the bulk of Cd from the front drag coefficient to the
rear drag coefficient , where the fron t drag coefficient , C~~ is defined as

f(t ) — p (t )
Cdf 

- - 

~~Pd(tiT (5.13)

and the rear drag coefficient , Cdb as

b ( t ) — p  ( t)
Cdb pd(t) (5.14)

The quantities f(t) and b(t) are the average loadings on front and rear surfaces, respectively,
on all LI structures. The dynamic pressures p~(t) are given in Figs. 5.7(a) and (b). it was found
that at the ground level , Shot 9, where p~(0) 6 psi , Cda~ Cdf ,  Cdb ~ 0, whereas, at the 6-ft 4

level , one would obtain Cd ~ — C db, Cdt ~ 0 for p~(O) 6.6 psi.
Thus the transient drag coefficients given in Figs. 5.9(a) and (b) correspond also to the

front drag coefficients for side-on pressures at ground level as reference. Note that the drag •
coefficients remain constant , roughly until the tune, t 0.3 sec and then rise rapidly , reaching
very large values when computed in terms of the Rankine-Hugoniot theory. This might indicate
some peculiar transient phenomena. r

5.6 DRAG IMPULSE COEFFICIENTS AND TOTAL IMPUL SE RATIO

Although the drag coefficients expressed as a function of time are important for the study
of the over-all phenomenon in practical applications, the values of the drag coefficients aver-
aged to predict drag impulse and total impulse is often of great importance.

The measured total impulse defined by Eq. 5.15

‘TM = 5 [f 0(t) — b.(t)) dt (5.15)

can be split into a diffraction and drag impulse as follows:

1DVM f [f ,(t) — b,(t) 1 dt (5.16)

defines the measured diffraction impulse and

1DGM J~’ If o(t) — b,(t) ] dt (5.17)

defines the measured drag impulse , where t’ is the time associated with the end of the diffrac-
tion period and is determined experimentally as a sharp break in the net curve (for example,
see Fig. 5.8).

The calculated total impulse is obtained by the methods given in Sec. 5.2, Figs. 5.1 to 5.4,
with values of “c” obtained from Fig. 5.5. In Eqs. 5.15 and 5.16 f1(t) is assumed to start with
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a value of computed reflected pressure at the time, t = 0, and varies linearly until it reaches
the measured value of peak pressure. This increases the impulse above that obta ined by using
the pressure record directly for the value of f0(t ) throughout the entire duration of loading.
This increased impulse is more accurate than that obtained directly.

‘DFC hp + Ly + 1.25 
~~~~ ‘ (5.18)

while the computed drag impulse is given by

Iix~c = 1.25 [ J ~,” Pd
(t) dt — 

~~~~ 
(5.19)

where t Es the same value as used in Eqs. 5.16 and 5.17, Pd~°~ 
is given by Eq. 5.8 and f~ p d(t )

by Eq. 5.11. The drag coefficient 1.25 has been retained as the pretest estimate for the par-
ticular shapes of the 3.1 structures obtained from various steady-state wind tunnel tests.

TABLE 5.4—Predicted and Measured Net impulses

Computed Computed Measured Measured Measured Computed
diffractio n drag diffraction drag total total Cd = ratiimpulse impulse impulse impulse impulse impulse 

~ ~ I - 
°

Shot (psi—sec) (psi—soc) (psi—sec) (psi—sec) (psi—sec) (psi—sec) 0GM TM

No. Structure ‘D~~ ~~~ ‘DFM ‘0GM I~~ ~~~ ‘Tc —

9 a 0.1188 0.1275 0.1168 0.4400 0.5568 0.2463 4.33 2.26
9 c 0.0906 0.1275 0.0928 0.3194 0.4122 0.2181 3.13 1.89
9 d 0.1182 0.1323 0.0928 0.3413 0.4341 0.2505 3.22 1.73
9 e’ 0.2475 0.1090 0.2510 —0.2335 0.0175 0.3565 —2.68 0.049
9 P 0.1650 0.1124 0.2336 —0.0006 0.2330 0.2774 —0.007 0.84

• 9 p 0.0918 0.1330 0.1306 0.2900 0.4206 0.2248 2.73 1.87 ~~
- -

10 a 0.0666 0.0760 0.0566 0.2852 0.3418 0.1426 4.69 2.40
10 C 0.0490 0.0768 0.0512 0.1026 0.1538 0.1258 1.67 1.22
10 d 0.0577 0.1188 0.0342 0.0271 0.0613 0.1765 0.28 0.35
10 e 0.1425 0.1044 0.1652 —0.0135 0.1517 0.2469 —0.16 0.61
10 P 0.1333 0.0698 0.1371 0.3581 0.4952 0.2031 6.41 2.44
10 h 0.0702 0.0637 0.0381 0.1955 0.2336 0.1339 3.84 1.74 

-
- 

-

10 0e 0.0743 0.1176 0.0452 0.0742 0.1194 0.1919 0.79 0.623
10 p 0.1567 0.1196 0.0306 0.2554 0.2860 0.2763 2.67 1.04

•Structures which are not considered to be meaningful with respect to drag computations (see Sec. 5.7
and Table 5.5).

Table 5.4 presents the estimated and computed diffraction , drag and total impulses in
lb-sec/tn.2 for several structures in Shots 9 and 10 where meaningful net load (and impulse)
could be measured.

An average drag impulse coefficient (in terms of measured and predicted drag impulses)
is defined as

— 15I ’ [f(t) — b(t)] dtlmeasured 1.25 ‘DGM
Cd = -~ (5.20)

jf~ Pd(t) dtl ‘DCC
calculated

Values for Cd are given in Column 9 of Table 5.4. The damage to a structure depends, how-
ever , on total impulse, rather than drag impulse alone and therefore in Column 10, Table 5,4 ,

• there is a ratio of measured to predicted impulses (as calculated by Eq. 5.11), the tota l impulse
ratio. For the 3.1 structures, it was anticipated that diffraction and drag Impulses would be —
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roughly equa l, but the measured to computed drag impulses (compare Columns 6 and 4) differ
by an average ratio of 3: 1 (and extreme ranges from 1 : 3 1 to 5: 1) and thus lead to total
impulses at least twice as high as were expected. The impact of these findings on future drag
and total impulse predictions is deferred until the next section.

5.7 DISCUSSION OF RESULTS AND CONCLUSIONS

Thus far , an increase in net loads, relative to pretest predictions has been discussed. The
net loads during the drag phase can be looked upon as the product of two terms, namely,

f( t )  — b(t ) = Cd (t) p~(t)

where , with different assumptions for the dynamic pressures p d(t) , the time dependent drag
coefficient , Cd (t ) , assumes values ranging from nearly constan t and of nearly the same order
of magnitude as in wind tunnel test data to variations which begin with constant behavior and
then at 0.3 sec (60-80 H .’U units , where the period of stabilization has been reached) rise to
extremely high values (up to four times as high as the wind tunnel value). This behavior is also
mirrored in case these coefficients are averaged for preserving the measured impulse:

I.

f~ f t  -- b(t) dt
Cd - (5.21)

1,, PdW dt

where the interval of integration t to t~ describes the drag phase. The value of C,J in Eq. 5.21
varies by a ratio of 1.85 : 1, depending on the method by which pd (t) is calculated. For the
Rankine-Hugoniot method , Cd is 85 per cent larger than for the latest method given in Appendix
B.

Therefore , the question of whether the increased forces and impulses should be accounted
for by increased Cd( t) and ~~ or by increased pd(t) and f ~ pd (t) dt , respectively, is to some
degree arbitrary on the basis of present evidence. In fact s Eq. 5.21 can be looked upon as a
means of defining ~~~. Since most previous weapons effects predictions are based on elemen-
tary Rankine-Hugoniot theory, the results in these reports could be expressed by retaining that 

•method of computing drag pressures, and any necessary modifications of drag forces could be
incorporated by increasing the time dependent and average drag coefficient. In terms of this
reference frame , one obtains from the test results a considerable increase in drag force over
the present prediction , even if one chooses the drag coefficient as Cd — 2.33 (i.e., the value
found from Structure 3.3.8a of the GREENHOUSE large-scale field test). The drag impulse
coefficients for the 3.1 structures, Shots 9 and 10, are shown in Table 5.4 , Column 9.

In Fig. 5.10 , values of drag coefficients are presented for several different situations.
The value of “Cd ” for the U PSHOT-KNOTHOLE field test is obtained by taking a constant value
which will preserve the drag impulse computed from ~ pu 2 by means of the conventiona l Rankine-
Rugontot equations.

Drag pressure coefficients or drag impulse coefficients could not be computed for some
of the structures because their net loadings were not available. For other structures , the re-
sults, listed in Table 5.4, are not considered to be valid in such a drag analysis; these struc-
tures are denoted by the asterisk in Table 5.4. The subject , namely which structures have and
have not been used in studying these drag coefficients , is discussed below and summarized in
Table 5.5.

The basic requirement of any given stru -ture to be used in studying the net drag coeffi-
cients is that an average pressure-time curve is available for both front and rear surfaces.
Preferabl y, the average pressure curve should be obtained from more than one single gage on
the surface. If the reading of one gage is used as the average , obvious miscalibration errors
for this gage would disqualify the entire structure for that shot. Where there is good reason
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TABLE 5.5 .—Summary of Treatment Given Various 3.1 Structures in Net Drag Analysts

Status of structures regarding
computation of net drag
coefficients of Table 5.4

Computed in
Table 5.4

State ment of validityShot St ruct ure Not computed
No. No. Good Fair Poor in Table 5.4 Remark s

9 & 10 a X 130th f ront and rear surfaces gaged ado-
quate~ly—poo r gagt-s , not used. Con-
side rable differences existed among
those individual gages which wi re used .

9 4 10 b X No gages on front surface.
9 & 10 c X Front and roar surfaces gaged adequately,
9 & 10 d X individual gages In good agreement .
9 & 10 e X Measures peaked shock effect lightly
94 1 0  f X gaged .
9 g X Record good onl y unti l t - 0.17 sec. oblique

incidence actual 9
10 g X Oblique Incidence- , actual 9 21’.
9 h X Oblique incidence , actual 0 - 3 6 .
10 h X Oblique Incidence , actual 0 431,4..
9 & 10 i X No gages on front surfaces.
9 & 10 1 X Each wall has only one surface gaged , also
9 & 10 m X for those average pressures available
9 4 10 n X multi—r eflect ion effects concoai drag ~ -

pressurt. loadings.
9 o X Record of single gage- on front no good .
10 o X Obviousiy miscalibrat ed . adjusted curve ’

used to compute dra g coefficients.
9 4 10 p X Lightly gaged ( 1 on front , 2 on back).
9 B 10 q X No gages on fr ont or rear.
9 5 4 t X Located in regular reflection r(-gion .
10 a & t X Located in precursor region .

to expect that the loadings during the drag phase will differ from those on most of the other
structures, due to causes other than a difference in drag coefficient , this structure should also
be eli minated from an analysis leading to conventional drag coeificients. Table 5.5 is best
examined with the above cr iteria in mind.

It can be seen from Table 5.5 that Structures 3.lb , i , 1, m , n , and q could not be included in
the study of drag coefficients , since they did not meet the requirement that at least one gage
each be located on both the front and rear surfaces.

Structures 3.le and I were specifically design ed to measure peaked shock effects which
represent a deviation from the normal drag loading conditions and , therefore , these structures ,
too, should not be considered in the drag anal ysi s. For ei ther of these structures a negative
impulse is not to be interpreted as resulting from a negative drag coefficient , but rath e r as
resulting from a peaked shock effect.

Structures 3.lg and h are designed to test effects of oblique incidence and should not be
averaged in with the computation of drag coefficients under normal loading.

Structures 3.ls and t cannot be used , because in Shot 9 they were in the regular reflection—-
pseudo-Mach stem region — and in Shot 10 in a heavy precursor region.

• Structures 3.lo and p, the elevated structures, should be included in the anal ysis from the
standpoint of effect expected , but they are of limited value from the standpoint of instrumenta-
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tion ade4uacy. Each of these structures had but one gage on the front surface , which had to be
used to obtain the average pressure. On Shot 9 this gage on the front surface did not produce
a readable record; on Shot 10 it was obviously mi scalibrated. Therefore , due to this instru-
mentation difficul ty , Structure 3.10 is not considered in the drag loading anal ysis. However , a
net loading curve was obtained from Structure 3.lo, using the method of adjustment which
changes pressure ordinates of the miscalibrateci gage by the ratio of

~~ ~av.

where 
~Pr ) aV is the measured average value of reflected pressures determined from the other

structures and (P r )° is the peak pressure measured by the miscalibrated gage. This derived

L 

net curve is of littl e use in drawing any positive conclusions, It is presented merely to indicate
that , following such a procedure, one will obtain curves for the net loading which have at least
the same over-all shape as the other net loadin g curves but which are of very uncertain
magnitude.

In evaluating increased drag trends , after rejecting these various structures, there are
sti ll eight eases left , namely, Structures 3.la , c , d and p, for both Shots 9 and 10.

All the above statements are based on the assumption tha t the increased measured drag
loadings are real and not the result of systematic gage instrumentation , ca libration , or data
reduction and plotting errors. Furthermore , in some instances , the av erage on a surface was
calculated from individual gages whose critical time values seemed reasonable but whose
amplitudes dif fer  as much as 30 per cent.

The effects of those uncertainties and changes , on a formal error estimate , a re very dii-
I icult to predict and their effect on the final conclusions , namely, the existence of increased
drag forces , is even more uncertain. Only a few comparisons of SRI and BRL gages at roughly
the same location are available. The average error between those gages is of the order of 5 to
10 per cent and the maximum error about 30 to 50 per cent (see Table 4.3 and Figs. 4.18 to
4.24).

The uncertainties in the adapted side-on pressure curve can be estimated , fo r exa mple , in
Shot 9, by comparing the complete envelope of the blast line gages BA to BE to the average
given by Eq. 5.6 and show n on Fig. 5.6. It is found that the width of this over-all envelope is
roughl y 0.3 psi , independent of time. A comparison with most net loadings indicates that , after
0.4 sec , the net average pressure on these surfaces falls below this value of 0.3 psi. In this
case , this number (0.3 psi) represents an envelope of gages which well may be in variance by
an appreciable percen tage of this 0.3 psi , so that the time of 0.4 see , when the error in reading
pressur e as given by the envelope is equal to the net force , is probabl y not realistic. Rather,
it  is an indication tha t , here , one deals with phenomena whose absolute values easily may be
of t h e  same order of magnitude as various gage errors if these errors should accidentally
combine such as to give the observed paradoxically high drag results. On the other hand , the
explana tion offered in Appendix B is believed to be physicall y plau sible and ascribes the in-
creased drag force to increased ‘/2pu t values.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In a program of the type described in thi s report , the conclusions , of necessity, come

solely from instrument records. In Program 3.1 certain questions have arisen , concerning

the performance of the instrumentation , which strongly affect the validity of the conclusions.

As is discussed later , it is difficult , if not impossible , to give formal expressions representing

the validity of the instrument performance. A qualitative assessment of the records is pre- 
C,

sented , but this gives rise to the unfortunate circumstance that a number of the conclusions are

u lt imate ly based on subjective treatment of the dat a and that others evaluating the data might V
draw different conclusions than those contained herein.

It is felt that the conclusions concerning the diffraction period of the flow are , in the main ,

rather well substantiated by the data. it was realized in the original test design that information

about the forces on a structure during the drag phases of the flow would be difficult to deter-

mine , since the magnitude of the expected forces were of the same order as the errors that

could be reasonably expected in the instrumentation. In the post-test analysis of the records ,

certain interesting trends toward increased drag forces (increased with respect to the pre-

test predictions) were found. Although very many questions as to the validity of the trends

should justifia bly be raised , this report presents a rather extensive treatment of the results

due to the potential importance of this information in the determination of damage. Since the

theory co~tained in Appendix B makes these increased drag trends not only possible , but quite

probable , it is felt that it would be improper to dismiss too readily those indications of in-

creased drag which are contained in the data. Although it may be premature to base vulnera-

bility predictions on these findings , they are valuable , nevertheless, in drawing attention to

certain deep uncertainties in the drag loading prediction schemes.
The authors of this report hope that the analysis contained herein is accepted in the spirit

in which it is written; not as a discussion which must be accepted as valid but as an attempt to

obtain all the information possible from Program 3.1.
Tile conclusions can be subdivided into over-all conclusions of a general nature and spe-

cific conclusions for individual test objectives. The specific conclusions were derived , in the

main , by comparing the pretest predictions presented in Chap. 3 with the post-test analysis

presented in Chap. 4.
A summary of Chaps. 2 and 3, followed by specific conclusion s in the form of brief sum-

maries for Chaps. 4 and 5, and Appendixes A to C, is given below.

6.1 TEST ITEMS AND INSTRUMENT ATION

With the gages on the test items averaged in the manner as explained in See, 4.2, the

m aximum information was obtained by grouping the structures as shown in Table 2.1 and thus
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obtaining three var iations of each particular geometric parameter. The lack of front gages on
some cubicles prevented the obtaining of net load i ngs, but in one instance the latter was es-
timated by assuming standard front loadings and subtracting the measured rear loadings.
Structures 3.ls and t were in a severe precursor on Shot 10, which caused Structure 3.ls to
overturn.

The instrumentation was disappointing with respect to calibration accura cy, but it was
fairly satisfactory with respect to t ime values (rise time , 2 to 3 nisec.). Individual gages dif-
fered by as much as 100 per cent of side-on pressure in the extreme case of obvious cali-
bration errors (see Fig. 4.10), whereas the average discrepancy was much lower. Check
gages between BRL and SRI agreed on the average of between 5 and 10 per rent (see Table
4.3) .

6.2 PRETEST PREDICTIONS

Average pressures were predicted on front , roof , and rear walls of various structures in
order to deduce the loading method in Mach and regular refle ction regions for correlations
with previously known shock-tube , wind-tunnel , GR E E NH OUSE , and Sandia data. These pre-
test predictions are given in Chap. 3~ A comparison of pretest predictions aid UPSHOT-
KNOTHOLE test results Is presented in detail in Chap. 4.

6.3 POST-TEST ANALYSIS

The original test objectives , namely the effect of change of various shock and geometric
parameters on the loading (note that the term “loading” has many interpretations , e.g., net
loads, impulses , etc.) has been subdivided int o the individual tasks given in Table 2.2 and dis-
cussed below. In addition to fulfilling the original test objectives , three bonus finding s emerged ,
namely: (1) the establishment of a wave shape factor “c , ” different from unity, to be used in
the incident side-on curve

~a (t) = p
~ 

(0) e~~’° (1 — x) , x t t o

The value of c ,” which depends on scaled height of burst and scaled distance from Ground Zero
(see Fig. 5.5) , is roughly 2.0 for Shot 9 and 0.5 for Shot 10, rather than 1.0 as anticipated in the
pretest predictions; (2) increased drag forces , which will be dir cussed in the next section; and
(3) a detailed Study of the precursor effects for structure 3.It , Shot 10.

6.3.1 Width Effects

The objective of width effects studies was to determine the type of loading on the top and
rear Surfaces of three-dimensional models as compared to that on two-dimensional models.
This objective was satisfactorily fulfilled.

(a) Rear Surfaces. Revised values of “n ” given to account for quicker build-up time
as relat ed to width . (See Figs. 3~3 and 4.125.)

(b) Top Surfaces. Vortex intensity increases with width. Quantitative revisions
recommended for future.

(c) Shock Tube Comparisons. For H: W : L = 1:6:1. Diffraction loading at center of
top and rear surfaces for the field test model are the same as those of the Princeton Shock
Tube Model ( L : H = 1 : 1 ) .

6.3.2 Length Effects

Within the intended scope , the objectives of lengt h effects were fulfilled.

ut¾tthSSt~ 
tEa~~~ == ...

—



-

~~~~~~~~~~~~~~~~~
,

(a) Rear Surfaces. Build-up on back of three-dimensional thin  wall completed in
2S U , instead of 4S U , time units. (See Figs. 3.3 and 4.125.) -~(b) Top Surfaces. Loading on the top surface appears to be related to the rat io of
widt h to length. Further exploration (in the shock tube) is definitely recommended. Insuf-

V ficient data were available for determination of rules governing this variation. V

(c ) Greenhouse Comparison. Normalized pressures on the top and rear surfaces of
nearly Identical structures In the Upshot Knothole and Greenhouse programs compared favora-
bl y.

6.3.3 Size Effects

The objectives of size effects studies were to Investigate time-scaling and check for the
occurrence of the peaked shock effect.  These objectives were fulfi l led.

(a) Relation of Pressures on Geometricall y Similar St i-uctures. The pressure-time
curves on the top and rear surfaces of geometrica lly similar structures can be satisfactor i ly
obtained front one another by ntu lt ipying time scales by the corresponding ratios of structure -‘

sizes.

(b) Peaked Shock Effect of Structure Height. Peaked shock effects resulting in
negative net load s were observed for a structure having t 0 Ut~ H 66. This is pr imar i l y
due to lowering of pressures on the front surface. No analytic treatment attempted. V -

6.3.4 Orientation Effects

The effects of orientation were only partially determined , since the drag coefficients , -
‘

which were treated in great detail In the pretest predictions , could not be checked, and con-
siderable ins t rumentation diff icul t ies  were encountered on the oriented structures.

(a) Peak Pressures. Satisfactory agreement exists between the experimental  values
and pretest predictions for peak pressures on obliquely loaded surfaces. Peak pressure , Q,
varies l inearly with ang le of incidence , P , between normal and parallel orientat ion (at least
for ovet-pressures up to 6 psi).

(b) Diffraction Impulse. The pretest prediction of d iffract ion impulse on obliquely
loaded surfaces gave values which were higher than measured impulses. A correction factor
to be applied to the pretest prediction Is recommended , name ly, the factor — 2 (0 90) .
6.3.5 Shielding Effe cts

ThIs objective of the test was only part ial ly fu l f i l l ed .  The main reason was that the pre-
test predictions were much simpler than the f ield records . The results of this test are not
adequate for deriving an accurate method of prediction.

For pairs of thin walls separated by a distance of one-half the height , t he net d i f f rac t ion
impulse on each wall is greater than  on an identical isolated wal l .  At a separat ion distance of
one height uni t , the net diffraction impulse is less than that  of a free wall .

Reflect ions from the shielded wall affect the loading of the shielding wall  s ignif icant ly at
separation distances of three and over height units. In the range of shielding distances be-
tween one-half and three height units , the loading on the back of the shielding wall appears
to increase as the walls are placed farther apart.

t~3.6 Effect of Elevation

The elevation effects  objectives were only par t ia l ly  fu l f i l led .  Concous ive results were
htsii;ed regarding the values of S , the clearing distances and build-up distances on the front
iii r ear  su r faces .
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(a) Net Impulse. No effect. 
V

Pressure Increase on Underface : Shot 10 (3. 5 psi). No effect observed. Shot 9 (6 psi)
pressure Increase approximately as predicted (see Figs . 4.159 to 4. 162).

(b) Loading on Rear Surfaces. Vortex effects leading to predicted rear build-up and
pseudo-steady-stat e , but delayed final build-up t ime . Good agreement exists between predicted
and measured values of pressure during the pseudo-steady-state phase. A vortex , wh ich re-
sults in significant lowering of pressures , was observed but not predicted. It occurred im-
mediately after the peak pressure was reached.

6.3.7 IrregularIties of Shapes, Cavities, Setbacks, Etc.
The intended objectives of loading on irregularly shaped objects were completel y f ulf i l led .
The loadings on the surfaces of Structure 3.l q in general had the same diffractio n impulse

but higher reflected pressures and faster relief t imes than given in the pretest predictions.
Normalized pressure-t ime curves on sur faces of the notch at the sides were also corn-

pared to loadings on corresponding surfaces of the Princeton double block. Here, again, higher
peak (re-entrant corner) pressures and shorter reli ef t imes were observed on Structure 3.lq
than on the Princeton double block, but the diffraction impulses were roughly the same.

6.3.8 Regular Reflection Effects

The regular reflection objectives were only partially fulfilled. The rather  elaborate pro- . V
test predictions , given in Chap. 3, could only be tested in two instances of incide’iice angles of
30 deg (3.ls) and 44 deg (3.lt). In the former , both peak pressures and pseudo-steady-state
values were somewhat overestimated , while on the latter they were somewhat underestimat ed ,
but on the whole the agreement Is fair (see Figs. 4.180 to 4.183).

6.3.9 Precursor Effects
(a) Pressure Records, NOL Records on Structure 3. it in the precursor region of

Shot 10 are valid. Loads are high when compared to loads computed on the basis of peak sld~-on pressure. Superimposed are large random oscillations.
(b) Dust Effects. The effects noticed on Structure 3.11 may be attributed , i n all likeli-

hood , to a large amount of dust present in the air which is carried along by the blast wave.
This dust loading not only has an effect on the loads experie:iced by a target , but it also in-
fluences int imately the precursor ttsel( .

(c) Loading Scheme for Precursor, Shot 10. A method of computing loads in a pr o-
cursor is presented in Fig. 3.34. It is felt that this scheme for predicting loads is probabl y
about as accurate as can be developed at present. The loads predicted on the basis of this
method approximate the drag loads which would be obtained if the bomb were exploded over
an ideal surface.

(d) Applicability to Other Precursor Shot s. Il ls assumed that the rise time scales
like a hydrodynamic variable , rise t ime 100 (W l5) ’~, that is . one must preserve the same
scaled height of burst and the same type of surface.

6.3.10 Effects of Shock Strength

This objective of the test was not fulfi l led since those structures intended for stud y in g
Mach loading with higher shock strengths were actual ly  located in a region ot regular re-
flection .

The most outstanding result of the post-test analysis  is the fact that , with few exceptions ,
there is no reason at this t ime to modif y the pretest predictions if correct wave shapes and
correct drag pressures are taken into account . This wilt be discussed later in the general
conclusions. The most important is the post-test build-up coefficient “a” , give~i in Fig. 4 .125.
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The mod ifications indicate that “n ” is the same for three-dimensional thin walls as for finite
blocks. W 2H 1, and the rising slope to two-dimensionality extends to the ratio W 2H 5,
rather than 3.

6.4 INCREASED DRAG TRENDS

It was found that increased drag forces existed , unless Instrumentation uncertainties com-
bined accidently in such a manner to give this result on many obstacles (see Table 5.1). The
nature of these increases is as follows: At the beginning of the drag phase the loading starts
with an anticipated value obtained by Rankine-Hugoniot theory, but then the decay is nearly
linear , unlike the double exponential that would be predicted from Rankine-Hugoniot theory

‘ extended to apply throughout the entire duration as in Eq. 3.3. These Increased drag forces
can be accounted for in two ways , namely, by means of a transient drag coefficient as given
by Eq. 4.4 (Sec . 4.4.5), which assumes very large values during the later portion of the loading
period ( Fig. 5.7) or by increased dynamic pressure values or 2pu Z (Appendix B), whi ch possess
a less rapid decay than given by the assumption of the Rankine-Hugoniot theory. Either of these
views and/or a combination of them could explain the drag forces observed , although it seems
probable t hat h ig h values of l 2pu 2 are the proper explanation of the effects. A specific de- 1. 

1cision is deferred on the variation of drag coefficients until some confirmation can be obtained
from results of scaled shock tube tests , which ARF Is , at present , undertaking on scaled models
on Contract No. AF33(6 16)-2540. At any rate , the pretest value of 1.25 seems too low , and , if ,
for purposes of comparison , the Rankine-Hugoniot theory is retained to calculat e drag forces , - -
the new drag coefficient is roughly 3.35 (Shot 9) and 2.33 (Shot 10). In terms of the new theory
for calculating 2pu 2 , presented In Appendix B, where drag pressure decays roughly at the
same’ rate as side-on pressure , the average values of drag coefficients which preserve the
total drag impulse (these are actually drag impulse coefficients) are 1.8 (Shot 9) to 1.45 (Shot
10). This is slig htly lower than the GREENHOUSE (Blas t  Loading and Response of  Structures ,
WT-87) field result , which shows that the drag pressure coefficient is CD 2.33 but uses the
Rankine-Hugoniot theory extended throughout the duration to compute dynamic pressure. How- ; -ever , the important distinction between the GREENHOUSE and UP SHOT-KNOTHOLE drag co-
efficients which must be emphasized is that the GREENHOUSE coefficient is a ratio of drag
pressures, and the UPSHOT-KNOTHOLE coefficient is a ratio of drag impulses.

6.5 PRECURSO R THEORY

The loading in the precursor region (Appendix A) has no diffraction phase if the height H 
Vand the length L are small compared to the wave length U to. The net pressure rises linearly

to the nonprecursor drag pressure (i .e. ,  as if no precursor were present ) Cd pd(O) In 100 msec
for Shot 10 test conditions and then decays linearly to zero at t o (see Fig. A.34) . To apply this
loading scheme to other shots , it is assumed that the rise time scales like a hydrodynarnic
variable , i.e., t rtqc tOO (W 15) 1

~~, and that , therefore , both scaled height of burst and the same
type of surface must be preserved.

6.7 WAVE SHAPE THEORY

Two main conclus 4 ons are derived (Appendix B): (1) the positive duration material velocity
is from 1.510 2.5 times the pe~sitIve duration of the pressure wave and corresponds roughly to
the ab8olute min imum on the pressure wave and Is Illustrated in Fig. B.2 (fo r a reflected wave ,
the material velocity duration is that of a free wave of twice the yield); and (2) the rat e of
decay of the mater ial velocity, 11(t) 11(0), is proportional to the square root of the rate of de-

• cay of side-on ~‘p~(t) pr (O) rather than to P(r (t ), and , therefore , 1 2pu 2 decays roughly like side-
on pressure. In particular, one obtains for the Impulse ratio
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l~ p~,(t) dt ptr(O)

2p ( t) [u(t) J~ dl ‘-~p( O) ( u(0) 12

which suggests an equipartition of static and dynamic pressures on a normalized basis , na mely,
the impulse delivered through static or dynamic pressure must always bear the same i’el at ion-
ship to the peak values , consIdering different positive durations .

6.7 REGULAR REFRACTION THEORY

The problem of a shock wave striking a gaseous interface (Appendix C) (thermal boundary
layer) has been previously solved numerically (see H. Polachek and R. J . Seeger , “On Shock
Wave Phenomena ,” In NOL Memorandum 9971 and Phys ical Review).  In Appendix C solutions
are obtained by means of engineering approximations , and these solutions could be combined
with those of a shock wave striking a solid Interface to solve the pseudo Mach stem problem ,
which was believed to be present at Structures 3.ls and 1, Shot 9. The simple engineering
solutions compare favorably with the complex exact solutions of Polachek and Seeger, which
have been obtained by means of the IBM Selective Sequence Electronic Calculator for the
Oxygen-Nitrogen Refraction and Nitrogen-Oxygen Refraction Problem (Figs. C.3 to C.6) . It
should be noted that thermal boundary layers can be simulated , using gases with differ ent
specific heat ratios , ) .  This theory is applied to UPSHOT-KNOTHOLE , Shot 9, at the 837-ft
ground range station , both at ground level and at 10-ft elevation. Assuming a constant thermal

- layer of 
~~

‘ 2 ft height , one obtains good comparIson between measured and calculated wave a
shapes , maximum and minimum pressures , and delay times between incident and reflected

- shocks. The increased dynamic pressure at the 2100-ft station, too, can be calculated by regu-
lar refraction theory, rather than assuming a pseudo Mach stem (involving a single triple
point).

6.8 GENERAL CONCLUSIONS

This section presents the general conclusions reached as a result of the analysis of the
test data presented in th is report:

1. The test objectives were generally attained, inasmuch as useful information was ob-
tained with regard to the effect of various geometric and shock parameter changes on the dif-
fraction and drag loadings. With few exceptions diffraction phenomena checked pretest pre-
dictions. Drag coefficients were not found to be constant. It is d i f f i cu l t  to summarize in a few
sentences the many various conclusions on the effects of lengt h , widt h , and other changes;
therefore , the reader is referred to Sec. 6.4 for the detailed conclusions .

2. Although the form of the equation is probably not rigorous on theoretical grounds , the
incident side-on pressure may be represented practically by an equation of the form

p0(t) - ~~(O) c
-ct - t o (t _ f l

where the shape factor “c ” Is given in Fig. 5.5.
3. The decay in drag forces seems to be nearly linear , and , as a consequence, drag co-

efficients are larger durIng the later portions of the positive phase duration than would be a
predicted by the conventional transformation from side-on to dynamic pressures using the
Rankine-Hugoniot relation between pressure and material velocity; this also leads to larger
drag Impulses and , hence , larger total impulses . If th is effect is the real and not the accidental
combination of instrumentation uncertainties , it could be ascribed either to a “transient ” dr ag
coefficient or to larger dynamic pressures. The latter point of view is adopted in a study in
Appendix B by F. B. Porzel , wherein it is shown that drag pressures should decay more nearly
as the first power of side-on pressure and not as the square , as would be predicted by Hankine-
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Hugoniot convention , It is felt that the hydrodynarnic argument in Appendix B is probably thecorrect explanation for the majority of the drag effects observed and that , on the basis of itsinherent validity, combined with the measurements obtained , this theory gives the best de-scription of drag loadings in terms of the current state of knowledge. On the other hand , ifthe dynamic pressure is calculated from the extended Rankine-flugeiniot theory (i.e. , Eq. 3.3),the sIde-on pressure being referred to the ground-on level and if an increased drag coefficientis adopted as the explanation for net drag pressures being higher than previously expected ,then such drag coefficients would be rough ly equal tO the front wall drag coefficient and theback wall drag coefficient would be nearly zero.
4. In terms of the new form factor for side-on pressure in Conclusion 2 above and theincreased drag forces discussed in Conclusion 3 above , there is reasonable agreement betweenprediction and test results on nearly all test objectives. However , it should be pointed out thatpr im ary emphasis was placed on th e study of diffract ion phenomena since the pressure gagedata were not expected to be sufficiently accurate to resolve the relatively small drag forces.A comparison between measured and predicted diffraction loads served to confirm certainaspects of the pretest load predict ion methods and led to revisions of others. In the remaining Vinstances , the form of the data was inadequate to either confirm or revise the methods. Thislatter category includes those cases in which the test data clearly disagreed with predict ionsbut were too sparse to warrant revision of the prediction scheme. 

0One of the few cases, however, where revisions were clearly indicated concerned therear build-up coefficient “a” (see Fig, 4. 125).
5. Pretest diffraction impulse predictions, based on all entries of Table 5.4, are on theaverage of 40 per cent t o o  high , with a standard deviation of 100 per cent . The worst dis-crepancies between prediction and test results occur for Structures 3 .lh , o, and p, Shot 10.If Structure 3.I p, Shot 10 , would be excluded from Table 5.4, the predictions would be 12 percen t too high , with a standard deviation of 35 per cent , and if Sti’uctures 3.lo and p are ex-

• chided , the predictions are , on the average, only I per cent too high with a standard deviationof 25 per cent. Post-test d~ffr aetlo n impulse predictions are already presented in terms of“n” (the dimensionless build-up time’ or rear surface) and, hence, easily modified if furtherdata become available.

•

I
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APPENDIX A

a

LOADING IN PRECURSOR REGION t

By L. A. Schmidt

A.1 INTRODUCTION

In Operation UPSHOT-KNOTHOLE Shot 10, as was expected, there was a well-developed
precursor which extended out to about 2500 ft from Ground Zero. Thus , Structures 3.ls andwere Included well within the precursor region. It turned out that these were the onl y two struc - . ‘ 1tures in the precursor region of any shot which were extensivel y instrumented . Because the
damage which occurred in the precursor region of Shot 10 was much higher than had been cx-pected on the basis of the usual peak pressure criteria , there was a general feeling that un-determined phenomena had occurred . Since the effect was so pronounced and would have con-

- 
- siderable consequence In the determination of damage criteria , it is evidentl y important todetermine the nature of these phenomena. Therefore , one expects that the records from these

two structures would contain valuable information .
As will be seen later , the Information contained in these pressure records bears not only aupon the loadIngs of a structure In a precursor , but also upon the incident free stream condi-

tions becaus-e the tests on these structures turned out to contain interesting diagnostic informa-
tion about the free stream conditions.

A.2 TEST ARRANGEMENT

The locations of the two test structures are shown in Fig. A.1. For Shot 10, these struc-
tures were located at distances of 1047 and 2106 feet from actual Ground Zero. The maximum
angular deviation of these structures from parallel to the shock front was less than 4 deg, which
Is considered negligible.

These two structures were instrumented by NOL. See the Final Report on Project 3.28.2prepared by NOL for a descr ipt ion of the instrumentation used. On Shot 10 records were ob-
tained from all 24 gages on Structure 3.ls and from 23 gages on Structure 3,lt. The general
performance of the instrumentation appeared to be good , and apparently the records adequatelyreproduced the pressures upon the gages (on Structure 3.ls there were some spurious effects ,see Sec. A.3.4.1). In a few cases, there were apparent Inaccuracies In the calibration factors ,but these inaccuracies were too few to invalidate the results. The locations of the gages on
these two structures are shown in Fig. A.2 .

a

V 
t This i s a  specific discussion of Structures S.ls and t In Shot 10.
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In addition to the gages upon the structures themselves, there were a number of additiona lpressure gages placed by NOL near Structure 3.lt. These pressure gages formed Program3.Iu of Operation UPSHOT-KNOTHOLE and have been very useful in the analysis of the presentresults. The locations of these pressure gages are given in Fig. A,3.

A.S DESCRIPTION OF TEST RESULTS

A.3.1 Introduction

A direct indication of extensive damage is found in Structure S.ls. This structure wassevered from its base, overturned, and thrown back about 20 to 25 ft. in Fig. A.4 the depressionin the left foreground shows the initial location of the structure. Apparently the structure wasInadequately keyed to its foundation for the loads exerted since the reinforcing steel rods pulledout and failed in tension. It is not known at what time the structure began to move during theshock wave so that there is uncertainty as to the orientation of the structure throughout theblast wave. The gage cables broke at between 250 and 800 msec , but acceleration effects couldbe seen before this time . On Structure 3.lt , there were no indication s of any structura l damage.There appears to be, upon first examination of the pressure records from Structures 3.ls -, 
-and t , a large amount of irregularity present in the records. Of the two sets, the records onStructure 3.lt appear better. Moreover , there was no uncertainty as a result of structuralfailure in the 3.lt records; there were also a number of additional 3.lu pressure gages placed !‘ -

in its vicInity. Accordingly, the pressures upon 3. it will be discussed more extensively here.Due to the apparently irregular fluctuations of the records of Structure 3.lt , it would behard to see, initially , what occurrea In terms of pressure phenomena. It is best to consider the 1’records upon 3.lt as a set of isolated records and obtain whatever comparisons are possible onthe records, Independent of the physical phenomena. If some correlations of this type can be
• obtained , then the records can be interpreted in terms of ph ysical phenomena . Although thisprocedure is somewhat different than that usually followed in an analysis of this type , it appearssafest, due to the nature of the phenomena , to regard the gage records as a closed body of in- Vformation which may be studied by itself. Once conclusions have been made as to the nature ofthese records , then the physical meaning of this information may be discussed and reasonablySound conclusions may be drawn.a

A.3.2 Incident Blast Wave Pressures

A.3.2, 1 Blast Line Pressure Records
The peak pressure in the blast wave as a function of distance from Ground Zero is givenin Fig. A.5. The pressure plotted Is the maximum in the blast wave, regardless of the time atwhich it occurs , and is read from ground level gages only.
At the 3.is location , the pressure level is about 50 psi and decays very rapidly with dis-tance. The shape of the free stream pres sure wave consists in a rise to an init ial peak pres-sure of about 15 psi, this is follow ed by a decay to about half this pressure at a time of 70 msecafter which there is a rise to a peak of 50 psi in about 30 msec. Figure A.6 shows the esti-mated time variation of side-on pressure that was incident on Structure 3.ls at ground level.This estimate of pressure was obtained by Interpolation from ground Level gage records at thenearest blast line pressure stations.
At the 2100-ft ground range (Structure 3.11), the peak pressure in the blast wave is almostconstant with distance. The pressure-time curve also changes slowly as a function of distancefrom Ground Zero (Fig. A.5). The general shape of the side-on pressure Incident on Structure3.11 Is shown in Fig. A.7. In this figure, there is a fa irly sharp rise In pressure to about 6 psiw hich occurs near 40 msec, followed by a gradual rise to a peak of about 8 psi at 120 meec anda gradual decay to zero pressure at about 500 msec.
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A.3 .2 .2 Structure 3.lu Pressure Records
The general shape of the time variation of side-on pressure’, as shown in Fig. A.? , is anaverage not onl y of the side-on pressure records from the blast line but also of the d i f f ra c t io n

gages from the NOL 3.lu study. The NOL gages were placed in fa i r ly  Uose proxim ity to Struc- —

ture 3.it , and it is therefore reasonable to question thcir value in a determinati on ui side-nitpressures since it is not known how much of thc~r record characteristi c ’s were- caused by dif-
fraction effects from the structure and how much were the result of vai ’iations within the mainblast wave. A good indication of these diffract ion effects can be obtained from the 3.lu recordson Shot 9. In these records , it appeared that , except for possibiy positions 1, 2, and 5 (Fi g. A. 3) ,the’ diffraction e((e~ ts on the’ gages are quite ’ negligible.

This same general conclusion was borne out by shock tube tests performed at ARF in e~-n-junction with a study on the E if t ’ct,’~ of 0,-ic-ala/j o n on I/ic Bias! Loadin~ or Sit tIc / i l l  ~~~~ performed aunder Air Force Contract AF33(6 16)-166. In these shock tube tests , it was found that a pre’s-sure gage placed in the wall of the tube in a position relative to the model comparable to thatof the 5-ft gage at position 5 of the Program 3.lu would show a fairly small pressure spike offairly short duration and no other evident diffraction effects. Thus , it is felt that for a shock 
Vwave the major ity of the diffraction effects of the 3.iu gages would be small .

For a compression wave, as occurred at Structure 3.11 on Shot 10, i t is fel t , however , thatthese diffraction effects would be still less since there ts no initial shock to be refl ected andany wave reflections would have to occur over a long t ime period . An inspection of the 3.iu 
•records would certainl y show no consistent phenomena occurring which  could be at tr ibuted todiffraction effects from the structure’, wi th  tht ’ probable exception of the ground level g~e 1~e-s a tpositions I and 2.

The side-on pressure incident on Structure ’ 3.lt (Fi g. A .7) is essentiall y the shape of thepressure as given by the ground level gage in position 5. The pressure read by this gage, how-ever, was about 1 psi lower than the pressures on nearby gages. This pressure difference iswithin the tolerances of the measuring system and, hence, is not believed to he real . There-fore , the pressure levels on this gage were raised to agree with th e  pressure level observedon the next nearest gage, that at position 6 , to obtain the curve in Fig. A . 7. (If a possible
Bernoulli effect was causing the lower pressures, so that the I psi pressure difference’ wasrea l , this pressure would still have to be’ corrected in the sante way to give free stream con-
ditions.) 

aThere Is some correspondence between the oscillations present for the ground level gage’at position S and those at positions 8 and 7. It mi ght bc expected that the differ ence in the cor-relation between these gages is representative of the difference’ between the pressure shown
In Fig. A,7 and the actual pressure incident upon the structure. This would mean that there is V
a reasonable chance that many of the oscillations present in this record are also incident uponthe structure.

A.3.3 Pressure Records on Structure 3.It V

A.3.3. 1 Generai A~peavanee of the’ Pressure Record s
The individual records on Structure 3.lt are given in Chap. 4 and summarized in Figs. A.30to A.33. A cursory inspection of these records will  reveal apparently much random oscillation.Furthermore , it appears that the magnitude of the oscillation s on the front face ’ of the struc -ture , gage numbers p8 to p15 inclusive, Is larger than on any of the ’ other faces. The magnitudeof the oscillations on the top and side wail gages is next in order , and the magnitude of theoscillations in the rear gages Is the least.

A.3,3,2 Appearance of Average Pressures

The pressures on the several faces have been averaged and are given in Figs. A.8 to A .l1. 
aIn these figures , it may be seen that considerable’ oscillation is retained in these averages. Ifthe oscillations in the individual gage records were’ of a pure ly random nature , one would ex-

pect that the magnitude ’ of oscillations in the avertge would be considerably reduced . (The
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ra t io  of the rema ining to the original oscillations would be in the order of the reci procal of the
square root of the ’ number of gages averaged, or 0.4 for the f ront , top and rear s and 0.6 for thesid e.) Since th is  is not the ’ (‘use, one conclud e ’s tha t the oscillations in these records are not
pure ly random but represent systematic  fluctuations contmon to the records from several
gages placed on the same’ face. The oscUl ations must be due to some real phenomenon andc~L itnct t be’ simply •‘ hash” in the electron ic recording.

It is hard to see- how accelerat ion could account for this  type of signal. An inspe ction of theoriginal playbacks i c f  the’ 3.lt records does not in dicate any signals (as are seen on the 3.lsrecords) which have the appearance of acc e ’le ’r atic ,n signals. Low— frequenc ~- signals from eitherthe wall or structure mo vin g  as a whole would not produce the type-  of signals present. More-V over , th er e  i s  a slow rise ’ t iiii e of the pressure wave which  tends to e limina te-  ring ing. On
Structures 3.ls and t , which were stru ck by clean shocks of 18 and 13 psi , on Shot 9, one wouldexpec t comparable acceleration effects. Acceleration effects were small on these’ records.Thus , one conclude’s that these signals can only be caused by act ual pressure upon the side ofthe structure.

A.3 .3.3 Pressures on Individual Faces
(a) Fron t Face Records. As can be seen upon inspection of Fig. A.8, the average pressureon t h e’ front face of Structure 3.11 began rising f a i r l y  smoothly unt i l  it  reached a peak of about15 psi arou nd 60 msec aft e -r  the blast f i r s t  struck this face. After this t ime , there- were three

• la rge oscillations in the records. The first  oscillation occurred around 80 mscc , the second.eround 120 msee’, and the third round 22 msec after the blast wave struck th e- buildi ng. Eachof the-s e large- osci l la t ions  was in the order of 4 psi in p ressure’ an~ 60 msec in duration. Afterth o st -  thr ee large- osci l lation s occurred , the ’ average’ pressure apparent l y  became smoother
V during the decay to zero . 

- -The indiv idual gage records on the ’ front face (gages pS to p 14) show th at these general
fea tu res  are well reproduced in each of the individual locations. The s imilar i ty  in general ap-pearance - is even more strong ly confirmed by observing the original play backs whe re there is

- - a very definite contrast between the ’ srnoothne ’ss of the initial rise during the f irs t  60 msec andduring the decay of the wave after 250 msec in comparison with the general hashiness in theintermediat e period . In fact , there are actual ly  m ore comnton fea tures  in the records whichcan be identified than were shown in the ’ average pressures given in Fig. A.8. For example, ina 
pre’ssurt ’ record pB there is a definite break in the slope I I  msec after shock arriva l which is —

also identifiable on all the’ records for this  face. By an inspection of copies of the original NOL
slow -speed playbacks , an approximate absolute t ime of arrival  of the ’ blast wave on a pressuregage after the time of bomb detonation was established . From this time basis , it is seen thatthis break in slope comes at the same’ absolute time on all the pressure records for the frontface- to wi th in  the accuracy of measuring time ’s of arr ival  from the NOL slow playbacks. It mayalso be noticed that the initia l portion of the wave arrives at different absolute times on thefront face. This would indicate that the blast wave front is not vertical but slants backwards.
Certain features of the oscillations on the’se records are apparently identifiable on each indi-vidual gage record but do not appear in the average because they occur at slightl y differenttime ’s in the records and are there fo r e’ washed out in the averaging process. An example of 

- 

-

such a reproducible oscillation mi ght be that occurring between 110 to 130 msec on gage plo;
this also can be seen on several other records, such as p8, p11, and p13.

(b) Roof Records. The average’ pressures on the roof of Structure 3 .lt are shown in Fig.A.10. As is the case with the ’ front face , the oscillations appearing on the variou s individual
gage records are well reproduced in the average . It appears that traces of a vortex shed offthe ’ front of the roof can be seen in records p6 and ~7. A surprising thing is that the strength
of the vortex at the corner of the roof is considerably greater than at the’ center.

(c) Side Face_Records. The’ correlation of the pressure records on the side face is good.The records of gages p18 and p18 are in especially good agreement during the initial periods,whereas , there is a depression in p17 apparently caused by a vortex. Around 50 msec , a
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depression also occurs on both pl6 and p18 which may be the result of vortex or may be a
random oscillation. Until this time, these two records reproduce well the value for side-omi
pressure, which is given in Fig. A.7. The relatively early occurrence of the vortex on gage p17
may be due to an upward component of flow which would not allow a vortex to be swept over
gages p16 and p18. The record p17 appears to be somewhat intermediate In appearance between
p6 and p7 which would not be too unexpected since the distance of p 17 to an edge of the structure
parallel to the (low Is Intermediate between that of p6 and p1.

(d) Rear Face Records. Very little oscillation is apparent on the average of the rear face
records shown in Fig. A.9. This is the case for the several individual gage records as well.
The pressure rises fairly rapidl y to a value of about 5 to 6 psI and then remains nearl y constant
until about 200 msec. There is an apparent vortex on p23 and some indication s of one on p19.
The rise time on record p24 is much faster than that of any other pressure record. This is due V

either to the blast wave tending to “ shock up” SS it travels in a clear region down the rear or a
due to a superposition of waves from over the top and around the sides that builds up the pres-
sure more rapidly in a position similar to a reflection process.

A.3.3.4 Scale of Oscillation on Records

There are at least three large-scale “bumps ” evident and identifiable upon all the front-
face records and upon most of the records on the other faces. Each of these bumps is of the . -

order of 60 msec in duration and about 4 psi in magnitude on the front face. There are also
correlations between bumps of smaller magn itudes which are  identifiable on these records. -

• 

-

For example, on the front face gages it is possible to correlate the bumps on gage plO with
those on several other gages. By suitable examination, one is able to arrive at some correla-
tion between the area under an individual bump and its probable extent in space: the probability
of observing correlated bumps on adjacent gages is higher as the area under each individu al 

Vbum p increases. Moreover , for fairly small bump sizes (for instance, for bumps with impulses
of the order of 60 psi/msec) it is also seen that there is a higher probability of correlation for a V

gages at separations of about 6 ft. This tendency for a difference in correlation as the distance
between gages is increased seems to decrease with bump size until  sizes of about 130 psi nisec p - 

-

are reached, when the probability of correlation for all appears about the same.
These oscillations have all the appearance of turbulent cells of some type, which exist in

the air and are blown over the structure. As the size of the turbulent cell increases, there is •greater probability that several gages will feel its effect. The duration is of the order of
60 msec and represents the length of time that a turbulent cell might be acting on a gage. Since V

these cells should be propagating with air velocity, about 300 ft sec , the length of these cells
in the direction of flow might be in the ’ order of 18 ft. This typical dimension is not inconsistent
with the size of cell which might be expected to engulf all the gages on one face of the structure
with fairly high probability.

A.3.3.5 Agreement of Oscillations on Averages front Several Faces

The average pressures for the several faces are plotted together in Fig. A. 12, together
with the side-on pressure of Fig. A.7. On these plots , one notes a tendency for downward dips
in the averages on back , side, and roof gages at the sante time that there are upward swings in
the averages for the front wall gages. These dips In the averages, moreover , tend to be fairly
Independent of oscillations in the side-on pressure. The differences between the average pres-
sure on a certain face and the side-on pressure are given in Fi g. A.13. In this f igure there is
fairly good agreement in the tendency toward oscillations in one direction or another on the
several faces. It also appears evident that , on those faces where the difference in pressure
from side-on pressure is the least , the magnitude of oscillation Is also small. The records
can be brought into reasonable qualitative agreement both in magnitudes of pressure difference
and of oscillation by multiplying the differences on the rear roof and side (aces by a constant
factor to bring on agreement with the front faces. These factors are 2 for the side face , 2 for a
the roof , and 3~~ for the rear face.
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A.3.4 Pressure Records on Structure 3, ls

A.3.4.1 General~~~pearance of the Pressure Records

The records on Structure 3.ls are given In Chap. 4. In general , the features observed on
Structure 3.lt are magnified on Structure 3.Is but this magnification occasionally results in
unrecognizability. There are many oscillations in the records which are probably not real
phenomena . The NOL Final Report for Program 3.28 .2 states that the gages used have two
natural frequencies of from 700 to 1200 cycles ,- see and 300 to 500 cycles/sec for the twisted
&urdon tube , oscillating in torsion or as a cantilever beam. These frequencies , especially the
higher one , can be readily identified from an inspection of the original playbacks. However , the
nature of the other oscillations is more subtle. As in Structure 3.lt , there is a tendency for the
largest oscillations to occur on the front face , with smaller magnitude oscillations occurring
on the side and roof faces and practically no oscillations on the rear face gages. The appear-
ance of the rear face gages tends to rule out accelerations of the structure as a rigid body as
the cause of the oscillations. On each of the faces there appear to be similarities in the oscil-
lations present , although certain oscillation s may be absent on several gages. If the face as a
whole were accelerated , the accelerations should be present on all the gages, and , depending
upon the mode of the acceleration , it should be possible to observe effects upon the edges of
the block different from those near the center. Although this tends to rule out also nonrigid
body accelerations , the’ poscibi lity of very serious acceleration effects still remains in the
records.

Another effect must be considered In an evaluation of the gage reliability. After about 120
n1see , the gages on the front wall of the structure generally go to large negative values of gage
pressure, far greater than 13 psi and below zero pressure absolute, it appears from the ori gi-
nal playbacks that the base line is drifting greatly because these values are reached even
thoug h the trace is quite smooth. The pressures on the other faces also reach large negative
values at times of about 70 msec after the blast arrives. The values of these pressures are
also very low , often reaching almost a vacuum. However , once this valley of negative pres-
sures is past, pO slt i%’ t- phase durations can be identified , and the values of negative pressure
obtained thereafter a rc  V ‘i roximately the same as those obtained along the blast line.

The hig h thermal r adi .etion might cause the readings observed upon the front face . in this
shot , the gages were in it ial ly shielded from the thermal radiation by an alumint ’m foil. After
the foil was either blown away or melted , it was possible that the gages might have been heated
by the thermal radiation. However , the base line shift would probably have been in the opposite
direction from Shot 9, where this effect was also noticed on these gages , and it is also doubtful
that much thermal radiation could penetrate the dust cloud generated by the bl~ at wave front.

About the only mechanisms which are left open to explain the negative pressures on the
front wall gages are either some unknown gage effect (such as could be generated by dust m i -
pinging on the gages) or arm effect due to the motion of the gage leads in the structure. In either
case, it would be difficult to assess the importance of this effect upon the value of the earlier
portions of the front wall records or upon all of the other records. (There are also base line
shifts in the fron t face S.lt records, but these are of sufficiently small magnitude as to not
affect seriously the conclusion s obtained from the record.)

Due to possible acceleration effects and base line shifts , the 3.ls reeoi-’dc must be inter-
preted with caution. It is possible that more detailed analysis of the record s may give better
indications of their validity, but at present it can only be said that there are errors in the
records and it is not known whether or not these errors are large enough to render the records
useless. Nevertheless, values of the averages of the gages on the several faces are given ,
along with a short discussion of the appearance of the averages.

A.3.4.2 Appearance of Avera ge Pressure

The average pressures on the front , roof , rear , and side surface’s are given in Figs. A.1 4
to A.11. The pressures on the front face seem fairly well in agreement with the general features
observed in the average pressures on Structure 3.lt. Considering the amount of filtering of the
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oscillations which should have occurred , it is surprising to have such well-d e fined large oscil-
lations remaining in the average pressures. It is felt that there is good proba b i l i t y  tha t the

~V peaks occurring at 35, 65, and 85 nlse’e- are real occurrences.
On the rear fact ’. the pressure got-s below ambient at a t ime about 65 inset ’ af ter the blast

wave fir st  strikes the building and remains there until about 90 ntst-c . By re f er r ing  to (Itt ’
estimated ground level pressure-time curve shown in Fig. A.6 , it t an be st- i - i t  that a n i mnin iun i
of about 6 psi occurs in the pressure at alxut  this time. In fae t , unt i l  about 90 mn st c i l sm- em s
tha t the average pressure on the rea r fact ’ is about 10 psi lower tIt an is tht - side-on pm ( ’ssurt .
This general tendency to be lower than blast wave pressure is also repeat ed on the ’ roof and
the side gages.

A.3.5 Possible Exp lanation of Phenomena

aA .3.5.1 Hi gh_Values of Net Pressure

On both Structures 3.ls and t the net pressure is muich hi gher than could be expi ained by
conventional loading theory. The pressure varies in the blast wave suf f i c ien t ly  slowly so that
there cannot be much variation in phenomena from steady - state values. Thus , the ma jo r i t y  of
the difference in net pressure between the front and rea m’ faces must be exp lai ned ny abnor mal l y
high values of the product of the drag coefficient t imes the dynamic rr e ssure Cd \ a U~.

It is hard to see how the drag coefficient could vary ext cns ive ’ly fron t  conv ent ional  valu e-s.
If one assumes a value of drag coefficient equal to 2 , the ’ net pre -ssure obtained on the structur e ’
is low by a factor of about 4 , when this pressure is computed by means of the ’ dyn amic t r e ~~- :sure which would conventionall y b~ associated with the blast wave- at the mea surt-d pr essure
level. Any values of drag coefficient much higher than 2 would be unre al is t ic  for a cub i c l e -  ‘I r
the shape used , since these values already represent the highest va lues  possible on the bas is
of well-established loading theory in a clean shock wave . H

Thus, it is necessary to assume tha t the value of dynant ic pressure itself is ab iwrnta l l v
high. This anomalously high value can , of course , be attributed either ( V  the density or to the Cparticle velocity. There were no direct successful me ’asurenients of e i ther  thc density or the’
particle velocity in the precursor of Shot 10. Thus , on an a p r j ~~~j basic one’ cannot say whii -h

mf the two variables account for the major portion of the effect , althoug h it sha ll be’ shown that
high values of density are in all likeliness the cause of the greater portion of the effec ts
observed.

A.3.5.2 Explanation of High Values of Drag 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The most direct indication that large variations in density of the air are causing most of
the effect come from measurements of the ’ density by a beta densitomete r (see’ WT 610,
P. Florcruz , LASL, Program 6) in Operation IVY which gave’ ai r  densities 8 t imes the normal
values, These densities could only be caused by the presence of large quantities of dust. The
presence of Large oscillations in the dynamic pressure without associated variations in static
pressure are another indication. If these large oscillations in dynamic pressure we’re caused
by the variations in particle velocity onl y, it would be necessary to have’ large variations in
static pressure to cause them. For example , a certain variation in par ticl e - velocity, which
would cause twice the variation in dynamic pressure , would also requir a comparable varia-
tion In static pressure. Static pressure oscillations of this order of magnitude do not appear
to be present where many large variations in dynamic ’ pressure ’ are observed.

Another indication that variations in densit y cause the variations in dynamic pressure can
be obtained from an inspection of the dynamic pressure records obtained on Project l.ld by
the Sandia Corp. These records begin to rise at a fairly slow rate but suddenl y have a well-
defined break in slope and go to values which considerably exceed not onl y the expected dynamic
pressures but even the range of the gages. In Fig. A. 18, the tinte necessary after the blast
wave starts for these heavy loads in dynamic pressure to reach the gage is dotted as the func -
tion of the height of the gage above the ground at two ground ranges. From all indications , a
this time is a linear function of the height beginning at the ori gin. This phenomenon could be
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explained by assuming that the blast wave front is picking up dust from the ground and convect-
ing it upwards at a constant velocity. An exp lanation in terms of hi gh particle velocities would
nec essitate, at the least , new descri ptions of the flow field in a precursor.

In Figs. A. 19 to A .23 , the blast line pressures as measured by SRI are given. These pres-
sures were determined by tracings of the ori ginal playbacks made available by SRI at NPG
during the test operation. The heig ht of the gage above the ground is plotted as the ordinate and
absolute t imes after bomb detonation on the abscissa with contours of constant pressure plotted
as a parameter. These contours give the time at which a certain pressure arrives at some
speci fic hei ght above the ground. If the entire blast wave is traveling outward from Ground
Zero with no strong variations in the flow pattern , these pictures present a spacewise function
of the blast wave , but it is felt that the main features of them are probably correct. In order
to clarif y some poin ts on these figures , and since they are of interest in themselves, some• comments will be included for each figure . For pu rposes of cla r ity, it is probably best to
describe f i rs t  the farthest gage stations and then proceed toward Ground Zero.

The pressures at 2916 ft from Ground Zero are shown in Fig. A.23. At this distance the
wave form has become clean with little or no hash in the records; the initial blast front is a
clean shock , which gives the peak pressure in the blast wave. The decay of the wave following
the shock front is quite regular. The contours , as plotted , have a considerable bowing f orward
at the 10-ft level which might be real or might represent simply a small error in the calibra-
tion of the gage. If the phenomenon is real , the boundary layer effects along the ground could Pa
well account for the reductions in pressure . It would be necessary to look at gage stations
farther out along the blast line to determine the reality of this bowing out. The dotted lines in
Fig. A.23 simpl y indicate a Fiossible confi guration of the contours if the gage calibrations are
varied.

The pressures at 2416 ft from Ground Zero exhibit more interesting features. This station
V is about at the limit of the precursor. The initial wave front rises to a pressure of about 4 psi

and maintains this value for around 60 msec before rising to the peak in the blast wave. The
ini tial plateau is evidentl y the remains of the precursor reg ion of the blast , and the second f
wave front  is the arrival of the main blast itself. For both wave fronts , the rise along the
ground is not a sharp shock but a compression wave. The first  front is probabl y toed forward
as the result of the presence of a thermal layer which appears to extend for not more than 10 ft
and represents , in a sniall region , characteristics typical of weak precursor action , as such.
The second shock front does not reach the ground surface. There is none of the toeing-out of
the pressure contours typical of precursor action caused by a thermal layer. It is hard to
visualize any other mechanism besides the presence of a strong dust layer which could serve
to produce such an effect. if the wave front were approaching the ground at a smaller ang le ,
then one would expect that the presence of a heavy dust layer would serve somewhat a i  a re-
flecting layer , and since the dust-laden air is more dense than the air alone , one would expect
that at least the pressures behind the main air shock would reach the ground. But since the
wave tront is more nearly vertical , the primary effect is probabl y not one of turning the flow
velocity as it is for steeper incidence but is one of simply imparting a greater magnitude to
the velocity in a direction parallel to the ground. If this is the case, the dust would act as an
absorbing medium because of its greater inertia. The apparent absence of any reflected wave
front also tends to support this statement. Since Shot 10 was at a burst height of 500 ft , a Mach
stem is formed at this distance of 2416 ft , and the wave front at 1040 meec is undoubtedly a
Mach stem. The fact that this Mach stem is bent back is a further indication that dust must be
influencing the hy irodynamics. Another interesting effect to observe is the toeing forward of
the contours at 1070 and 1120 nisec. This toeing forward during a time of pressure decay could
possibly be explained again by the dust strongly absorbing energy from the flow within a layer
10 ft above the ground.

The next station at which contours are plotted is at 1916 ft and is well within the precursor.
V In Fig. A.2 1, the times of arrival of heavy dynamic pressures indicated by the Sandia q-gages

Is shown by the dashed line which is labeled “dust front. ” A problem occurred in drawing the
pressure contours from the values of pressure Indicated by the gages. The configuration given
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is one possible arrangement of these contours, but the topology of the problem is such that
other configurations would be possible. It is felt , however , tha t the co.,i iguration in the initial
portion of the wave and the bending forward of the contours around the 9 to 11 psi pressure
region observed Just behind the dust front are realistic .

There is a defInite toeing out of the shock which is observed on the 50-ft gages. This
could be caused by a thermal layer which existed in the air before the arrival of the blast front.
It would be helpfu l to look at the shock photography in order to more definitely discuss this
blast front. If the effects observed are caused by the presence of a thermal layer , then the
initial blast front could he inclined as a result of a strong feeding of energy along the ground.
This feature will be discussed more fully later. Probabl y the most noteworthy portion of Fig.
A.24 Is the tendency for the contours of constant pressure to be parallel to the dust front. This
indicates first that the high values of drag pressure measured by the Sandia q gages (and thus ,
In all probability , high values of dust loading of the air) are connected with the pressures ob-
served in the blast wave. This indicates , in turn , that a consideration of precursor phenomena
cannot be made without Intimately connecting it with these dynamic pressure considerations.
A second conclusion that could be drawn from these contours just behind the dust front is that
it appears likely that there is a flow of energy near the dust front. The presence of these pres-
sures on the order of 11 psi which are observed ju st behind the dust front are quite difficult  to
explain since the only other possible source of pressures of this order of magnitude would be
from above at from between 700 and 730 msec. These hig h pressures could not be readil y fed
from farther behind in the wave, since the wave is attenuating here.

The pressure contours at 1417-ft ground range are g iven in Fig. A.20 where , as before ,
the beginning of high dust loadings are indicated by the dashed line labeled “dust front . ” The
heavy dashed line labeled “ record failure ” indicates time at which the records from all the
above-ground gages begin showing large erratic signals. It seems quite likel y that this time is
the beginning of the failure of the gage tower. All the gages read quite regularl y up to this
time, with the exception of the gage at the 10-ft height which has some fa i r ly  large variations
which may or may not be real . One interesting feature of this figure (which will be more ac-
centuated at 924 ft) is the appearance of the initial wave front. The contours giving the rise in
pressure across this wave front are more spread out at hig her elevations than they are at the
10-ft elevation. This effect is precisel” the opposite from that which is observed due to the
presence of a thermal layer preceding the blast wave. It seems as if there is a ntore sharpl y
delineated driving mechanism for the wave near the ground than for that higher in the air.  As
at the 1916-ft station, there is a strong tendency for the contours near the dust front to be
parallel to it.

The dust front at the 1417-ft station is steeper than at the 1916-ft station. This could be
explained by assuming that the dust is convected up from the ground in a direction perpendicu-
lar to the blast wave front. An inspection of the pressures at 1417 and 1916 it enables one to
make the further assumption that the sound speed is constan t with height above ground since
the wave front is straight (the toeing-out of the front in the first  10 ft which indicates a higher
sound velocity in this region can be neglected here). This ~~nclusion of constant sound speed
implies that the angle of the wave front with the ground is roughly constant with distance from
Ground Zero , which appears to be approximately correct for these ranges. The velocities of
propagation of the blast wave parallel to the ground , V, can be computed from the time of ar-
rival measurements and are found to be about 2500 ft/ sec at the 1417-ft station and 1600 ft .’ sec
at the 1916-ft station. Under these assumptions the configuration in Fig. A.24 is obtained. In
a time ~ t the wave front will have progressed 2500~ t along the ground from point A. Mean-
while the compression wave front , traveling at sonic velocity, will have traveled Ci~tt in a
direction perpendicular to the wave front. Since the time interval , ~1, for the wave to arrive at
a gage some height, H, above the ground after passing the same position on the ’ ground can be
measured (Fig. A.24), the angle of the wave front with the ground can be determined by the
relation t~ — H/tan 9. These angles are 37 deg for the 1417-ft station and 43 deg for the 1916-ft
station. The sound speed can be found by c0 = V sin IL The sound speed is calculated as 1690
ft/sec at 1417 ft.and 1100 ft/sec at 1916 ft. (These values are probably as good as the NEL
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sound speed measurements and are not inconsistent with them. The value at 1916 ft can only be
taken to mean that the air heating at this distance is negligible.) Once c0 has been determined,
the particLe velocity, u, can be computed from the overpressure behind the wave front. Values
of 11 ps~ at 1417 ft and 8 psI at 1918 ft were used. The angle of the dust front , a, can be com-
puted by u/V = tan a, giving values of a = 17 deg at 1417 ft and 14 deg at 1916 ft. The time
Interval , t2, necossary for the dust fron t to arrive at a height, H, over the ground alter the blast
wave has passed this point can then be computed by t2 = H/tan a and then be compared with the
measured values from the Sandia q gages. The ratios of the measured to the computed values
of t2 are 1.2 at the 1417-ft station and 1.5 at the 1916-ft station. The agreement seems rea-
sonable when the possible corrections necessary to the assumptions and the possible errors In
the measurements are considered.

It may be mentioned that the values of 2500 and 1600 ft/sec for the wave front velocity
$ along the ground require explanation when the sound velocities, In general , are of the order of

1690 and 1100 ft/sec for the air above a 10-ft elevation. One possible explanation would be the
presence of a thermal shock traveling outward at this velocity. Another possible explanation
would be a thermal layer near the ground , hot enough to cause sonic velocities of this magni-
tude. If It is assumed that there Is a strong, sharply defined thermal layer of not more than a
10-ft height above the ground before the blast, then this thermal layer will be convected up-
ward by the flow velocity. The sharp break In the 7 psI contour at 660 msec at the 1916-ft
station would mark the possible boundary of this thermal layer and is strongly suggestive of
this type of action. There would then be a high-sonic-speed channel In which the blast wave
could sweep forward as Is suggested by the forward bending of the pressure contours. The
bending back of the pressure contours near the ground could be due to the presence of a very
heavy dust layer confined to a layer near the ground. The sudden rise on the Sandia q gages
could conceivably be explained by a contact discontinuity, with the high pressures occurring
when the gages were exposed to the high-velocity air on the underside of the discontinuity.
However , the sharp bending back of the same 7 psi contour when the dust front Is reached seems fl
to indicate that the high drag pres8ures are due to heavy dust loading, with the role of the ther-
mal channel confined to that of a mechanism of feeding the blast front. It is quite possible that
the peak pressures might be beneath the dust front since the energy density transported by the
blast wave is given by

and a greater amount of energy could be transported beneath the dust front In the region of
higher density for a smaller peak pressure. This type of action is In accord with the principle
of least pressures of F. B. Porzel, who states that, In a hydrodynamic situation where two flow
patterns are possible, the pattern actually realized Is that which gives the lowest pressure,
(Height of Burst for Atomic Bombs). The flow pattern discussed at the 1417-ft station Is of the
same general nature as that for the 1916-ft station, although there Is more of a tendency for
the peak pressures to be above the dust front. A rotation of the dust front upward would bring
the two pictures Into better agreement and would not be ruled out by the accuracy of the ex-
perimental data.

The high flow velocities In the thermal channel feeding the wave front , if such is the case,
would not be inconsistent with the assumpt ion made above, that the particle velocity convecting
the dust front upward is perpendicular to the blast front since the majority of the upward flow
would have to occur before the thermal channel could be established. This would be the case
since the thermal layer Itself Is apparently under 10 ft In height.

The presence of the thermal channel feeding energy to the blast front at a fairly low eleva-
tion could explain the presence of the steeper compression front near the ground than at higher
elevations. It Is possible on the 1417-ft station to see a tendency toward a radial expansion of
pressure centered at about 370 to 380 meec at the 10-ft elevatlon
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The pressures obtained at 924 ft from Ground Zero are shown In Fig. A.19. The only
records obtained were at the ground level and at the 50-ft elevation. There were two gages at
the 10-ft elevation , but they were contradictory, therefore , neither of the two gage records was
used here.

The most noteworthy feature about Fig. A.19 Is the appearance of the two blast fronts. The
first front is a compression wave at the 50-ft elevation and a shock front on the ground , reach-
ing a value of 14 psi immediately. The main blast front Is a compression wave on the ground ,
but at 50 ft It Is a shock goIng from a value of 10 to a value of 55 psi. The action of the main
blast wave is not contrary to expectations , but the action of the first precursor front is quite
unusual. One mechanism to explain the presence of such a strong shock front on the ground
may be the thermaL channeling effect discussed above tending to feed energy rapidly forward
near the ground . The feeding could not be from too low a level or the low pressures on the
ground at 240 msec would not have been observed. Some mechanism connected with the dust
action , such as an overshot due to Its Inertia and a subsequent retardation of the other pres-
sure waves, would have to be postulated. The presence of a thermal shock is a more likely ex-
planation of the pressure picture. The lack of good gage records between 0 and 50 ft strongly
affects the understanding of the phenomena occurring.

One gets the feeling upon observing the series of flow contours tha t the whole pattern of
the precursor grows in height as the distance from Ground Zero Increases. At the 924-ft station
the main blast front is clearly visible , and the slow rise of the precursor pressure wave m di-
cates that there has not been much tendency for the wave to “ shock up, ” which would indicate
that the whole phenomena Is of fairl y recent origin. At the 1417-ft station the bending forward
of the 11 and 12 psi contours around 390 msec at the 50-ft gage elevation would tend to indicate i’

a feeding of energy from a higher level. This process may have resulted in the actua’ forma-
tion of a shock at the 1916-ft station, which Is undoubtedly the bottom portion of the precursor
fronts seen In fireball pictures. The bending toward horizontal of the steep shock front at the
50-ft elevation and 1918 ft from Ground Zero Indicates that now the main feeding of energy to
the precursor is from a lower level. At the 24l6-ft , station the pattern Is nearly vertical. The
main blast front is evIdent and the precursor front is running Itself out as is expected in a
clean pressure wave. A close inspection of the blast photography pictures for this shot should
help considerably In an understanding of the phenomena occurring at higher altitudes and their
relation to the ground level phenomena.

From the above discussion of the precursor phenomena it should be clear that high values
of dust loading in the air are Intimately tied in with a description of the flow patterns in the
precursor. At the present time it appears that the most reasonable assumption that could be
made Is that the high values of dynamic pressure are due to high dust loading in the air and
that this dust loading of the air is of a highly irregular nature , having the appearance of an
average dust loading of the air as a function of time with large turbulent fluctuations (of the
order of possible 50 per cent of the mean value at Structure 3.lt) superimposed on the mean.

From the fluctuations on all the faces of the Structure 3.lt , and not on just the fron t face
of the structure, as well as the large values of Cd %pu2 on each face , it must be assumed that
the function of the dust is to cause real variations in the dynamic pressure.

A.4 VALUES OF DRAG PRESSURES DETERMINED FROM TEST RESULTS

A.4. 1 Magnitudes of Drag Load1n~~
Once the general nature of the phenomena occurring over Structure 3.lt has been deter-

mined, the problem remains of considering the values of pressures measured for the purposes
of assigning numerical values to the loadings and incorporating them into a computational
scheme.

The net pressure on Structure 3.lt (the difference in average pressure between the front
and rear faces) Is given in Fig. A.25. In Fig. A.26 , the net impulse as a function of time
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net 

(r)dr

is presented . On the same figure , the net impulse , as a function of time, that would have been
received by this structure had it been placed on an ideal surface is also plotted. The values of
the hydrod ynamic variables which would occur over an ideal surface at this ground range are
given in Fig. A.27. These values for an Ideal surface were obtained from Theoretical Height of
Burst Curves by F. B. Porzel , issued by LASL in May and August of 1953. In Fi g. A.28 the
loads on Structure 3.lt from this ideal surface wave were drawn. These loadings were obtained
by the methods described in Sec. A.3.4.2 of this report.

It is seen that the net Impulse received by Structure S.lt over this real surface was, if
anything, a little higher than the loadings which would have occurred over an ideal surface. In
the document just referred to, it was predicted that the loads obtained in a precursor would
approximate the loadings on an ideal surface , and this general type of action has been confirmed
by Structure 3.lt .

In Sec. A.3.4.2 , the ratios of the differences between average pressure on a face and side-
on pressure were presented. If the action causing these pressure differences is due to high
values of drag pressure , then the distribution of drag coefficients between these several sur-
faces can be obtained. If one takes an over-all value of the drag coefficient equal to 2, then the
drag coefficient for the front face is 1.5, for the top and side faces it is 0.75, and for the rear
face it is —0 .5. This distribution of drag coefficients is in accord with what would be expected
for a clean blast wave. The product of drag coefficient times dynamic pressure observed on
Structure 3.It reached a value of about 8. The peak dynamic pressure over an ideal surface
with an initial side-on pressure of 14 psi is equal to 4.5 psi. If this dynamic pressure is
multip lied by the drag coefficient of 2, a net pressure of 9 psi is obtained. This is about the
net pressure which was actually measured on the structure , and in view of the inaccuracies of
the measurement and the necessity of extrapolating to other regions of the precursor , the peak
dynamic pressure may be taken as the peak dynamic pressure over an ideal surface. However ,
this peak pressure is not reached at the beginning of the blast wave but at some later time.
This time may be best estimated as being about 100 msec after the blast front arrives.

A.4.2 Schematic Loading Method

On the basIs of the foregoing discussion , a schematic loading scheme which yields the
entire net loads for block-like structures in a precursor regIon may be constructed . For the
conditions of Shot 10, this scheme would consist in a linear rise from zero pressure to a peak
of the product of the drag coefficient for the structure times the ideal surface dynamic pres-
sure at this ground range. (There are no diffraction loads on the structures.) This peak is
followed by a linear decay to zero pressure at the end of the positive duration of the wave. To
extrapolate this loading picture to other bomb yields, one method would be to multiply the time
of the peak pressure by the cube root of the ratio of this bomb yield to 15 kt to give the new
time of maximum pressure , with decay to zero pressure occurring at the time of the positive
phase for the new yield. This schematic loading scheme is shown in Fig. A.29 and is reproduced
in Fig. A.25 for the conditions on Structure 3.lt.

The loads given in Fig. A.29 represent a smooth variation in net pressure. To this loading
scheme, in order to represent the actual loading conditions , a random oscillation must be
superimposed. This oscillation should range In magnitude up to 50 per cent of the peak as given
in Fig. A.29. It is felt that the response of the structure may be considerably altered by these
random oscillation s, even if the net impulse remain constant, since such factors as wall
breakage may be strongly affected by their presence. Thus, a true response picture of the
structure would give some average computed deflection (assuming the building resistances are
completely known) with some distribution of deflection about this average. Although this load-
ing scheme probably represents the best possible current picture for blocklike structures there
are many uncertainties in it , and a great deal of further investigation should be performed to
resolve these uncertainties. For realistic target structures which are partially open , it is felt
that the loading scheme presented here gives an overestimate of the loads since the wave
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entering the Interior may well have a much smaller concentration of dust. In this case, the
average net pressure experienced by the buIldIng could be closer to the drag pressures com-
puted by means of the Rankine-Hugonlot relations from the pressures actually occurring In the
blast wave. The blast conditions over other types of surfaces may also result in much smaller
over-all loads.

The loading scheme presented in Fig. A.29 has been obtained on the basis of the conditions
near the limits of the precursor for Shot 10 and is strictly valid oniy for the shot conditions.
It Is possible that the peak pressures acting on a structure for a bomb of very high yield might
be considerably Larger. Thu s, for large-yield bombs, the loading method presented may yield
an underestimate of the actual Loads which a structure may undergo.

I

292

1
4 

______



~~• 

~ _— Intended Ground Zero

250 ’ •13j ’ Actual. Ground Zero

500’O
I

750’~~ ‘-4

1000 ’

1250 ’

1500’ O

1750 ’ •

2000’ O

! 200~~ 
_ _ _ _ _

2250’ S

• NOL Gage Posit1~na

2500’ C!) 0 SRI Gage Positions

2750’ 1~”\.. l~ in Blast Line IFig. A.1—Location of Structures 3.ls and t and b issi Line gages.

293
- —~

g
~,~lT R1~ T RIQT EB $~I TA —

UNCLASSIFIED ~
~~~~~~~~~~~~~~~~~~~~~~~ ~i~iJ ~~~~~~



T

121
_0

N

• N8-6
_____  

I 1 1 16-2/t
6

1
2

N

6
I~~

0
N 

-~~

—.

Pg 
_ _ _ _ _ _ _

T
-A-

P3 _ P5 ~~
___  _ _ _ _ _ _ _ _ _ _

- —__ __ _ _ _ _

P4 ~ T I
N I •‘ — 

*

~ I I
Front Face~~~

’ 
~? ~4 ~ Y

Plan View ~~
- ‘?

2_ O N
_____________ 

—

• 5- 8~f~ •

I ~ N
‘~3-2 ,4,—.

~~~~~~~~~~~~~

— 

W.P. for 
— 

~ 4 ~~

—_-+--

Indenter ‘0) ~~ ______ ____ 
-i;:; ~Gage Mount -, 

- 
. = U -, 

~~ 2 ‘
N ~9 j  4 ~~~~~~~~~ ~~~~~~

‘0 ( 0  P11
k2

I_6N-. 
— - —  ________ ____________________

P13 P14
Gr ode

I 
//

_ _  J~~~~~~iTii1~J
— 

Front Elevation

Fig. A.2a—-Suucture 3.lt, plan view and rear elevatio ns.

‘c iNC1ASS~Fl~’ ’ ”~
”
~~”

L ___________________________________



I I H

‘m— 3’-Ohi-.

I
l
~~3

II H 
~~

I 
_ _ _

Pg. 
_ _ _ _  ~~~~~~~~~~~~~~~~~~

- 
P17 ~~ 7 ~ :~

Grade

_ ::~~:~~
Right Elevation

121_ ~~N 
•

51_11¾H

I 5
I
~~~I~,,1I •

C 
P22 

_ _ _ _ _ _ _ _ _  

4?  47
• .,k — ~ei _ Pt~ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~

I 
~,~~3

I
O

N_•
b 3  ...._4tu P24~~~~~~~~_

I ~~~Grode

Junct ion Box 
~

_ _ _ _ _  

______ L 

* Rear Elevation

Fig. A.2b— f ~uucture 3.11, right ~nd rear elevations.

S ILUI ThTRI€ TI nJ
~ UNCLASSIflED



-- - --- — -- -- - . -.

0- l3-O~N I H II• 12-0 • ‘-6
S 8 I

?tIt
H

6~2~1,
H 

~.

6L2 H

r — — —— —— -~
•_

~
___ 

6
I
_ 1

N

._3~6
N__ . I

g
I~~~ N 

~~~~

_ _

_ 
_ _  _ _ _ _-

* Pt 
_____ 

I 
__________________o - -i== £-

- P21 3
_ 
Io

— 
_____ ______ ____ ___________  •

________ ______ I •1~~~~ ‘ 4 ~ 
¶ • • ~~0)

_ _ _  - 
~~
__

~~~~~~~~~~~~~~~~~~~~~~~~

•

L 
Front Face

8 Plan View

I ft(2 - 0—
61.01

• ft
•

•_3I
6

N

_ _ _  _ _ _ _ _ _ _  _ _  _ _  _ _ _ _ _ _ _  _ _

unt !~ ~ 
___  

~ 1 ~ I :~ •t
b 

~ P10 ~~~2 
_ _ _ _ _

-

~~~ ~~
21

~6i

___________________________________ 

j -Grade
__________  _ _ _ _ _-

I I
_ _ _

_ _ _ _ _L J
Front Elevation

Fig. A.2c —Structure 3.ls, plan view and front elevations.

296

UNCLASSIFIED 
- -

~~~~ 

--

~ 

-J



— —-
~ 
— — -5.----- ‘— -—5.—-- -- -5-- - 

-‘

6~O
N

-~~-o~-~
-234 !i_.11 

___  ______  _ _ _ _ _ _ _ _ _ _ _ _ _ _

Pie . 1b
- — I I I •

• pgy 1PIe 4 ~- _ _ _ _  _ _ _ _

(0
Grade

I I 

b
— I 

~ I

~
__L _J

Bight Elevation

• I2~ ON

61
~0

N -0

• N
-

~~~ ‘-I -2S~ ~~
.

• -I’-2’

P20 
—p-U

~~~ — 
P21 j P22

N 
— 

—

• E..~3
I
0
H

_ _ _ _  
P23 

- — 4P24 4~
•
~Ir t  1~

-Grode

I ~~‘/4777
I Junction Box .~~~ I 

____ L_.... 
Rear Elevation

Pig. A.2d Suucture 3.ls. right and rear cleva tions.

297

~~~~ 

~~~~~~~~~~~~~



~

---

~

-

~ 
~,. --i~--- 

-
~~~~~~~~~~~~~~ ~~~~~~~~

- - ...~~~~~~~~~~ - —5.- 

I

(

~~~~~~~~~~~~~~~~~~~~GZ

_

_  _Three-Dimens ional k— 24’
Sketch

l’s 12’ ,.J s 
~

—
~1

~ r 3.lt~~~~~~ _ I
_ _  _ _6’ Struct ure - —  _____ - _______

i 
6

12 j
I
i II _ 

_

24’ 
-

- 43 
-_ _

48’

(ç’~ Gage at Ground Level‘c.>’ and at a 5 f t  Height

0 Gage at Ground Level

Plan View

Fig. A.3—Location of pressure gages for Program 3.lu.

298

UNCLASSIFl ” ’ ~” 
- -

~~~~~~~~~~

- ..,. ~~~ 

~~~~~~ 1 k l-~~ .L~ LL*.IbN...A’.~~~
- - - - -~~~~ -----~~~~~~~~~~--~~ ----- -- “--~‘-



-~~~~ - -

H

;~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~ ~.-:. - . .
~~~ ~~~~~~~~~~~~~~~~~ 

-:~~~
— 

d~~~ 
~~~ 

- 
- ,  

. 
Pt -

~~~~~~ 
~~~~~~~~

- .  
. 5.

.

.- 
- - ‘

-. 
- 

-
S .  

-

Fig. A.4—Postshot photogra ph of Structure 3.ls.

299

LEO
— -5 . .-  -~~~~~~~~~~ ‘- — 

—
~~~ - —— ~~~~- ——~~~—~~~~~

—&- t__ ~~~~~~
.
~~_ -

~~~~~~~
-—— - — 

~~~- ~~~~•. S



5.—--- -

100 — — _____ — — — — — 5.- ________ _____ — _____

iii—iiiiii~ iii
50 — — ____ — -—- — — — — _______ ____ ____

40 —--  __ —--  — - - -  ___  __ — —  __

I

30 — —  __ — —  ___ __ — —

-~~ 20 - _ _ _  _ _

.1
‘5

15 — —  ___ — —  ____ ___ — —

4)

I 
_ _ _ _  __

~~~ 
10 — —  — —  — —— —  ____  ___ — —

iii ii iiiii iiii ~i 
_ iii

~

ii
5 -__

4 — ~ S}(I Blast Line Gages — —
. NOL Blast Fin Gages

3 _ _ _  — — — —
~~~~~ 

- _____ ___ — —

I 3.ls
2 

~T3oo ~oo~~ó~ 
— — 1000 1500 2000 3000 1~000

Distance from Ground Zero (ft)

Fig. A .5—Ground level peak pressure as a function of dista nce from Ground Zero, Shot 10.

UNClASSIFIED - 

-

~~~~~~~~~

—--- - 5. 5 .- - -  - 
-.

- 
- 

-- - -——5.

~ 

. . -



‘5 I.-- - - -

1
I ;~ 

0

I~~~~u, 0

o’5 0

•
c.j

r..1O

-

~~~~~ 

---- - -- - — 

~~~~

---

~~~~~~~~~~~~~

/ _ _ _ _

/ 
a

__ __ / ii 1:

\ ~~ E4 _ _ _ _  

~~~~ 5~4
c$ — _ _ _ _ _

_ _  

I (

_ _  

/ 0

I

(Ted) flS~a’!~

(Ted) ~~~~~~~ -

301

1-- 
- - -5-  

- 

~ tthSSI~ 1~
-- 4



~~~8l/ ~~~
—I___

~~~~ 
~~~~~~

~~~~~3 O 4
T INE ( see ) - 

-

Fig. A .8—Average pressure on the front fat. c nt St ructure 3.lt . Shot 10.

~ I /~~ .4±~~ i\I \~ - -

F
10V 7-

~~
-+----

~~
— ~~~~~~~

_ _ _

0 0.1 0.2 0.3 0.4

?IK~ ( see)

Fig. A.9 — A verage pressures ,~,, the rear face ol Structure ~t. it , Shot 10.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

?I)tI (sic)

Fig. A.10 —Av erage pressures ~‘n th. top face of Structure ~.l* , Shot 10.

L~I1~LASSIf LID _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-----,-
~~

_ _ _ _   
~~~~~~~~~~~~

- - -.~~~~~~~~~~—5. __s-5 ___I__ ——



- -  —5——---. -.- . -- . ----——- - r
5.

~~0

0 ai d2
T
~~~~~3 ~ 6

TIK!(..o)

Fig. A .11—Average pressure on the Mde face of Structu re 3.lt, 2bot 10.

N -

‘
— - - I I — ‘

- ‘- AIi*PSØ ~ I~OI’It *011 P*~~~,*6 
‘ &~~~aq. p.o, W,ill Pr~~s,r

~~ 
- 

- 
4 s - ~~e ~op *0)) PiSSSWP

- - *t\\: 
- I — * — - A~s,oqe S’di Woll Pmssui,

I 
-
~ — r,, . S)r .om Pi.~*ur.

12 
~~~~~~~~ 

— . —
—S I I - -.r4 

-a

01

~~~~ (iso)

Fig. A .12—Average pressures on all faces of Structure 3.li. Shot tO.

303

LJUJHt LIIT~If I$ Lfi IX UNCLASSiFiED
— ——— ‘-- 5. — 5 .  — -~~~~~~~~~~~~~~~ - .5. — — — S - -~ —* ~~~~~~~~~~~~ - ‘ 

—

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

____ 



-~~~~~

- -5.- .--

_ _  -5. - - -

- Average Front Well Pressure minus Free Stream Pressure
- . - - -  Free Stream Pressure minus Average Rear Well Pressure

- 
— Free Stream Pressure minus Average Top Wall Pressure

8 - 

~t i ’~ 
- - - - Free ~ lream Pressure minus Average Side Wall Pressure

‘~~ ~~~~~~~~~~ ,‘.: -

02 03 04 05 0 6 07

TIME (see)

Pig. A.13—Dlfference between free stream pressure and the average pressure on the faces of Structure
3.lt.

0

160 -
~~~~~~~~

— _____ _____ _____ _____ — _____

140 ____

- F-

4 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
TIME (see)

Fig. A.14—Average pressure on front surface of Structure 3.ls. Shot 10.

304

C~ LASS1FIED ~‘‘ .

L -- -5.
~~~

- - -— - 5. -~~~~~~~~ 5. ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



-5. -—~~~~~~~~~—--- _ _

0 0.02 0.04 0.06 QOB 0.10 0.12 014 0.16 0.18
TIME (sic)

Fig. A.15 —Aver age pressure on rear surface of Structure 3.ls. Shot 10.

- 

~~~~0

- I

~~~~~~~~~~~~~~~rju, _ I0 ~~~~~~~~~~~~~~~~~~ -i _ k I I ~~L L  I0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
TIME (see)

Fig. A. 16—Average pressure on top surface of Structure 3.ls. Shot 10.
P.

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
TIME (see)

Fig. A.ll Average pressure on side surface of Structure 3.ls, Shot 10.

305

- . ‘1~ 
UNCLASSIFIED j

-— —~-—— --—--- —
~~~~~~~~~~~~~~~~ r ~~~~~~~~~~~ ~~__ -~~ 

‘
~ 

‘s-— — - — —~-—-~~~~~~~ -~~‘



_______________________________________ 5-— —- -—- -5.--,-.- ----5. -

-----— 5.—- — 

~ 
-

-

-5.——— — —--— —-5.— - _ _ _ _  ____ 
-

- t— _
-4

I4% ~~~~~ ~~
~0-4

- -

‘_____ 5. - - - - - - —5.--.-— a - 
~~~ I
I—

- 
.

~~

_ _ _  _ _  — 5 .  

!i-
~~ I

~~~~~~~~~~~~~~~~~~~~~ 

I

-~~~~~~~~ 

-

~~~~~~~~

- 

I
’

~~~ c 
~~~~~ 

-

I _ _ _ _ _  I ~~~~: 1 2
(~;) puno.x~ s.~oqy ~4Tl~TeH

306

_ _ _ _ _

L - - ~~~~~~ ~~~~~~~~~~~~~~ 



_ _  --5.-. - ----- 5.-— -_-----
~~~~~~~~~~~~~~ - - -  

320 300 280 260 240 220 200 80 160
TIMI (mu)

Fig. A.19—Constant pressure contours from blast line as a function of gage height and absolute time at
924 ft from Ground Zero.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

500 480 460 440 420 400 380 360 340 320
TIME (mu)

Fig. A.20—Connant press ure contours from blast line as a fun ction of gage height and a bsolute rime at
1417 ft from Ground Zero.

307



-S — — — 
5.— -—---- 5-- —N!~~ 

- -. —

• . . . . 60

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~N
• : 

~4 ° E
•:\\~~~~~~~~~~~~&~~~~~ ~

%.

-_ __ _ _ _

760 740 720 700 680 660 640 620 600

TIME (mu)

Fig. A.21—Cons~~flt pressure contours from blast line as a function of gage height and absolute time at
1916 ft from Ground Zero. - -

I I • / .  - 
. •4o 4)

.

.
•

. .

I 140 1 120 1100 1080 1060 1Q40 1020 1000 980
TIME (es)

Fig. A.22—Constant pressure contours from blast line as a function of gage height and absolute time at
2416 ft from Ground Zero.

INCLASSIFIED 308 
-

UNCLAS~1ED 
_— -— --—S — -~~~~~~ —. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --



r - _ _ _ _5._______-5-,-w*____ _ __ __ ._,_____

-6 0

• • ‘ , — . - — + — . . — — +  -

- - - 40~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

1 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

~~~~~~I

1540 1520 500 480 1460 1440 1420 1400 1360 360
TIME ( in,)

Fig. A.23 —Constant pressure contours from blast line as a function of gage height and absolut e t ime at
2916 ft from Ground Zero.

Wave
Front

• H
I- ~~~~~~~~~~

-~~~ - tl t4L~ Q 

~~~~~~~ ~~~~~~~~~~~~~~~~~

Fig. A.24—Schemattc drawing of blast and dun fronts In precursor region.

309

- 

-- UNCLASSIFIED



-.- - 5- -—----~ -5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

________ 
•.0

0

I

- -  

& ~~~~~~~~~~ 
- - -- 

___  _ _ _  

L
0

0

(cu d)  i~iss~~

310

h u T  uIlTuI eTI u I f T J .

VNCLASS~1ED 
_~~ s~~~~~~~~~~~~ -~~ .... ~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~i s 1 ~~~~ -  — -



- - -.-5~~~~~~~~~~~~~—~~~~~ -- ~~~~~~~~
- -- —5..- --_ ~~~~~~

1 1

~~~k

\

~

\

\

~ 

\
\
~

\ I

-

~~~ 

I I I _ _

(ew — ;.d ) ~ S’ILl1r1XI

3 11

- —~ - —- .5— —— --  - —  - - -  - ..—— ~~~~~~~~~~~~~~~ -— -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~~~-- •~~~~~~~ —- -~~~~~~~_— .  p-.~~~~—-



(t — °~ lJ) ~ LIsz~ a~~j o CItY ‘°O/fl U~I30’1~A ‘IYI~~~~Y)(

s.D N
0 d ci 0 o~

I

I ~I I/ 1 (0
l J o

I
I 

-

- - - - -
~~~~~

---
~~~~ ~~i’~- ~~~~~~

- 
~~~.9 I~~

I -
~ / .

~~I / /  ~~~~~~~~~~

//

I 
-

_

~~~~~~~~~~~~~~~~~~~
/ I  I I

(Ted ) * tss~~~

~~~
312

UNCLASSIFiED SIURIT W I U V IU S T U

- 
_________



5----— -- -- -- --— - S -- -- - -

__I

/ 

~~~~~~~~~~-

~~~ 
_ _ _  _ _ _ _  _ _  

c.i 
_ _ _ _

~ 
—i-- — — -  

~
—

~~ -/ /  f(

LI _ / / /~ _ 
-

I 
J/ 7 7~~~~~~

I ~~~~~~~~~~~~ /~_ 
I _ _ _ _ _  _ _ _ _ _  

0

(;.d) ~~~~~~~~~

3 13

S h u T  flIhT flIhTUP IATA

UNCI.ASSIFIEU
— — — - -—--—5——---.. - ~~ -~ lILA -L -5—.— -~ 

—



- - -——- -5 .- - --- 

0
4,

7:

Is

5,

5,.c
.5—

st) 
~
.,-Ii

.1~4 ..
I
I:’J

I 
.~~ 
;

L I  

I ~
1
~

•
I

(r sd ) 9.fltB9~~.Id ~~~~ ~~2~~~.I~~~AV

314

I 
Liih~LASSIFIED- ” -

— - - —5 -5.—— — -- - -- - ----5-- — ~~~~~~~~~~ —_-.- ~1~~ 1I~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~ ~~~~~~~ - —~-.----.-‘——- ~~~~~ — -_



r —-- --- -- - - -

32 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i - - — -- -

~

Goge P8 —

-~ P l O — — —
Pit — — —

28 - -4----- 4- — Pl2 —— —- - - -
I P13 

2 4- - r H
20 

~~ i
-\~ ~

j —— —— - —  — —

t 4 ~

~ L ~
~~~~~~I6 - - - 

~~~~~

~ ~~~~~~~~~~~ ~~~~ ~~Il) ,~~~~‘ I i IW ~~~t I  I r’11T1i I~ I t I I

2 - ITf  ~~~~~~~~~~~~~~~~~~~ - S t - - - - - -
~ 

r’..
it 

~ 
~~ ~

‘ I ~~~~ ~~~ III ~~f I ~,J I~ ~ I ‘ I ~~~~~ - 
— 

-

II J i~~
1 I I I t _.

~~ 
I~~ -- .

8 
~~~~~~ 

‘ 
~~ ~~~~~~~ T~ i
4\  I

I ,~~jt:s~~~L:~~~~ 
_ _ _ _  

- - -

-5
-. _ __

‘ •4--. -

0 I _________ 
- 

- 

-

-4 - - •

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

TIME , t (eec)

Fig. A.30 —individual gage records , front surface . Structure 3.lt , Shot 10.

315

h1 “~~UNCLASS1FIED 
- -5 - -- -- - - - - . ---- - 

~~
- . --.-. -_ - --- . - - .

~~~~~- .5 -5- . ---- - 5 -



I I .  

~~~~~~~~~~~~~~~~~~~~~~~ 0

~~Q Q Q Q . Q. Q.

0 
V

L L i t
I ~

‘.4

I I,
ci

I 
-
~~~I •

~~i1 I
I I

I 

I t,c’J -~- - - - c i
- 

L

____ -

~~~~ 

l
j

- - 5-
.

(;ed) E11E1S9E~d

316

•- ~~~~~~~~~ ~~~~~-,-~ - —~~~~~~~- 



---— 5--—--- - - --- --5—- -5—- ~~—— --~~~--——--—-~~ -—--- -- - ‘ - . -- - - 5 -  — - - -

_ _ _  
‘I-

_ _ _ _  -

‘I;

I I j I 
,
;~~~! 

~~~-- --5

•0’o 1

d
1 ’ It)

—----5--—
-,, 

---5— ci 2
I C’)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

u
U) S 

—-5- — 
‘- ‘ 0 ~~~ .p . .-

S

5
.- 8-- 4, .5

Vr ‘- I.

U
,I~ ~~~~~ •-~ 4)

_ _ _ _ _ _  _ _ _  
ffl E4

- - S
- -

-- -.5
.
~~

.
~~

—~~~~

_ 
..~~~

- I

.$
~~~~~~~

~~~~

• 
0

(Ted ) !~fl$S~~ d

317

NCLASSIFIED ,
5— — — -5-— 

- — ~~~
— 

—‘--.5.5 ~~~~~ -•- _1~~~
__~~~ ~~~~~~~~~~~~~~~~~~~~ _ ~~~~~~~—



- _ _ _ _ _ _

r~~~~~~~~ 
- - -

~~~~

--

~ ~~~

(1
jt

/

‘2~~~~ 
- -

~~~~~

- - - - 1 - -

~~~~~~~Q_ Q_ Q_

• —SI
0’o

I
I - IC)

- - - 

(
I
T ci

1 -
I .  C’)

1 5)

In
-5-- -—  -— .

.5— fi)
t•

~ 
4: .~~

S-I 5)
-~ E.4

_ _ _ _ _ _  

S
.
.. 

-- ~~~~~~~~~~~~~~~~~

- .1 - - 
~Lt. .?. ...

C
(Ted ) ~~~1~ S1Nd

318

UNCLASSIFIE~~~~~~~~~~
- - -5 -  —— - — — S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ .. ---- - ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



r 
-

APPENDIX B

COMPARISON OF WAVE FORMS
FOR STATIC AND DYNAMIC PRESSURES

By F. B. Porzei

B. 1 STATEMENT OF THE PROBLEM

B.1.1 Purpose

The purpose of this appendix is to Investigate current methods of determining dyn amic
pressure as a function of time from the blast wave of a nuclear explosion and , if possible, to
suggest Improvements in methods for predicting dynamic pressure. In most cases, either re-
liable measurements of dynamic pressure are lacking or a transformation is required to
extrapolate measured results to different yields , heights of burst , and surface conditions.
Because of the relative abundance and good reliability of pressure-time records , it would be
especially desirable to provide a method of predicting dynamic pressure from them.

B.1.2 Customar y Procedure . -

At present there is a procedure, which can almost be described as “standard procedure”
by which the velocity-time curve is constructed from the pressure-time curve. At the shock
front , there is no question that the material velocity is related to the peak pressure by the
Rankine-Hugoniot equat ion; in this customary procedure the Rankine-Hugoniot relation is
assumed to hold on the interior of the wave, and , at successive times on the pressure-time
curve, the material velocity is calculated from the corresponding pressure.

As a result , the positive duration for material velocity is necessar ily Identical to the
positive duration for the pressure wave, and, by virtue of the Rankine-Hugoniot equation , the
initial decay of material velocity is more severe than Is the pressure decay at the shock front.
In calculating the dynamic pressure from I,2 pu t, the density-time curve is also concave upward ,
and alter squaring the material velocity, the decay of dynamic pressure is several times
greater than the decay of peak pressure.

This method has the obvious advantage of giving the correct value for the material velocity
at the shock front , but unfortunately the procedure is justified only at the shock front. There is
no reason a pr iori to believe the positive durations are the same. No allowance is made for the

F way in which divergence of the blast wave may affect the shape of the velocity wave in com-
parison with the shape of the pressure wave. In any given pressure-time curve , all mass
particles on the interior of a shock wave were initially shocked at higher pressures than the
current peak and thereby suffered greater entropy changes than the mass points currently at
the shock front. A fundamental deficiency of the customary method is that the velocity is cal-
culated as if entropy change were necessarily less than at the current shock front . The
simplest kind of approximation might Just retain the relative shape of the pressure and velocit y
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curves , taking the ratio of material velocity to its peak value to be the same as the ratio of
pressure to its peak. The deficiency of this method, using the Rankine-Hugontot equations ,
even as an approximation is that it actually reduces such a normalized velocity-time curve
below the normalized pres~ ire-t ime curve , which Is Just opposite in direction to the correction
expected by the shock hydrod ynamics.

B.1.3 Plan of Attack

In the subsequent sections the behavior of the velocity wave forms and dynamic pressure
wave forms in comparison with the overpressure wave form are investigated. For the case of
the blast wave In free air and , as a necessary consequence , for a surface burst over an ideal
surface , this problem can be considered completely solved through a machine Integration of the
hydrodynamic equation for a point source explosion in air , which was done in Lss Alamos ,
IBM Problem M under direction of Fuchs. These results were correlated in Report J-17837 ,
dated May 25, 1953, and Report J- 19704 , dated Aug. 20, 1953. The title of these reports ,
Theor etical He igh t of Burst Curves , was an excerpt from a more comprehensive description
which is given In Report LA- 1644 , h eight of Burst for  Atomic Bomb.s~, LASL. These documents
contain curves that give a complete description of the wave form for pressure, material
velocity, density, and dynamic pressure on the interior of a wave from which the corresponding
curves of dynamic pressure vs t ime and static overpressure vs time are readily calculated.
From the work in Report LA-l665 , which is the second of the series starting with LA-1664 ,
there is good assurance that the same ideas m a y  be extended to scaled heights of burst which
are less than 100 ft as well as to all type surfaces.

For scaled heights of burst in excess of 100 ft . the only really adequate approach is to
repeat this calculation for the case of the bomb burst at a finite distance from a rigid plane.
Bet even in this ideal case, such an approach will be nearly impossible for several years to
come, partly because even the best modern calculation machines are not capable of handling
the hydrodynamic problem for the case of several space variables and partly because no
complete theoretical description is available to furnish the boundary conditions for the behavior
of the reflected wave near the triple point of the Mach stem. In addition to these difficulties ,
practical interest is always concerned with real surfaces , in which case the hydrodynamic
variables near the shock front are violently altered from the ideal case by virtue of the inter-
action of the surface with the shock wave itself.

On the basis of work presented in Reports LA-1406, LA-1664 , and LA-1665, it is possible
to arrive at a reasonable compromise for practical purposes. These papers showed that , where-
as the peak pressure is strongly reduced by virtue of surface effects (primarily due the thermal
effects), the same reduction by no means applies to the wave form as a whole. In fac t , such
theoretical and empirical evidence as does exist tends to support the view that the pressure
impulse over a real surface is practically identical with the pressure impulse over an ideal
surface. With regard to dynamic pressures, the situation is even more favorable. The peak
dynamic pressure is not appreciably reduced over a real surface , and , to a first approxima-
tion , it remains at the same value as over an ideal surface. There are further theoretical
reasons for believing that the peak dynamic pressure may actually be enhanced. Furthermore,
positive durations are not expected to decrease over a real surface from their corresponding
value over an Ideal surface and this , together with the impulse arguments, is good assurance
for the reasonable applicability of the ideal wave form to an impulse criterion.

The plan to be followed here is as follows: The relative wave forms for pressure and
material velocity will be considered on the basis of hydrodynamic arguments alone without
regar d to further theoretical and empirical evidence. From this , a general behavior for
single shocks can be formulated , which will then be tested with the IBM results for free air
wave forms. At that time , we will be in a position to make the necessary conditions for a
compromise solution for the wave forms for overpre ssure and dynamic pressure as functions
of time together with their impulses.
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B.2 ARGUMENT FROM SPHERICAL DIVERGENCE

Consider a mass particle of air labeled by the band, dr , in the radius-time plot in the
upper half of Fig. B.1. This particle was first struck by the shock at time t 5. The curved band
describes its subsequent position r at later times t ; the slope of the band is, In fact , the ma-
terial velocity

dr
~~~~~

If this be a spherical shock, then the material within the band labeled dr represents a
spherical sheLl of material whose mass is given by

Mass 4wpr 1dr

If this thickness of the shell is denoted by dr , conservation of mass requires that

pr 2dr = constant on the path u

If there are no secondar y shocks or compression waves within the positive phase, then, by
definition , the velocity at a given time is an increasing function with radius within the positive
phase. This means that the outer line of the banded particle is moving with a higher velocity Ps
than is its inner limit and that the thickness, de, must be Increasing on a linear plot. Because
the velo~ity gradients are themselves nearly linear , dr is nearly proportional to r. When this
same plot is with log-radius-vs-log-time scales, then exper ience shows that the logarithmic
spacing, which Is dr, r , tends to remain constant. Rewriting conservation of mass in the form

pr 3 
~~ = constant

it follpws that

pe’ = constant on the path u

This equation states that density will be a minimum when the radius is a maximum. Following
the usual Sneumption that the changes in state are adiabatic behind the shock , then for a given
mass particle, the absolute pressure P is related to the density through its absolute shock
pressure P5 and density at t 5 by the adiabatic law:

It then follows

Pr 3
~

’ = constant on u

U attention Is restricted to shocks of low enough strength (below 3 or 4 atm overpresaure), we
may even neglect the entropy changes across the shock front as they affect P~ and p5.

Consider the mass particle at the slant distance R and at time t 1; the material velocity will
be zero and t1 marks the end of the positive durat ion for mater ial velocity, as shown in the
lower half of Fig. B.3. But at the same time , conservation of mass and the adiabatic law re-
quire the pressure to be at Its minimum absolute value at t ime t 1, which corresponds closely
to the trough of the negative phase in the pres sure wave.
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These arguments show a fundamental deficiency in the customary procedure of calculating
the material velocity directly from the overpressure: the positive duration from material
velocity does not correspond to the positive duration for pressure. Although the arguments In
the preceding par agraph are only approximat e because they assume the logarithmic thickness
dr r to be constant , they also show that , to a first approximation, the positive duration for the
material velocity wave corresponds more nearly to the entire duration of the pressure wave
from the shock front to the trough of Its negative phase instead of to its positive dur ation, It
also follows froni these arguments that , over the wave as a whole and on a normalized basis,
the material velocity wave must be substantially above the pressure wave, when both are
normalized by dividing by the values of the shock front , and Its average decay rat e be smaller
than the corresponding decay rate for the pressure-time curve.

B,,3 FRE E AIR WAVE FORMS FROM MACHIN E CALCULATIONS

B..3.1 Des~~ pt (on

in thi s section the free air wave forms are based on the machine calculations in IBM
Problem M which gave quantitative results. In principle , the calculation is as exact as modern . -

techniques will  permit; the divergence for a spherical wave was taken into account , entropy
changes have been included , allowances for the departures of air from the ideal equation of state
have been made , and , of course , the hy drodynamic equat ions for the interIor of a wave were
solved without simplifying approximations. The results used here are taken directly from
Report J-17837 . Detailed ju stthcation for this correlation of the iBM results , including the
evaluation of its yield , is contained in Report LA-1664.

Whereas these results apply onLy to spherical waves, the arguments already present ed in
Sec. B.2 with regard to divergence lend strong plau sibility to the extension of these concepts to
the reflected wave over a real surface. The results for detailed wave forms are illustrated for
two eases, at peak pressure levels of ‘1.55 and 4.2 psi , thereby restricting the validity of the
conclusions to these fair ly low pressures in the region of practical interest. f ~
11.3,2 Positive Duration

Fig. B,2 gives the positive duration for the overpressure as well as the dynamic pressure
and material velocity for I kt in free air over a wide range of pressures. The distance (in feet)
at which these durations were computed is shown as a label on the vertical line j oining the two
curves.

In Fig. B.2 note the following:
I . The positive duration for dynamic pressure is between j I ~ and 2 1 2 times the positive

duration for static overpressure in the range of pressures from 3 to 150 psi.
2. The dynamic pressure positive duration is nearly constant (approximatel y 0.29 see) in

the region of practical interest. The duration of a reflected wave behaves much lik e that of a
bomb of twice the yield. Hence a usefu l rule of thumb might be that the dynamic pressure
positive duration and material velocity positive duration are each approximately 0.36 W~ see.

3. The pressure positive duration decreases with pressure in the region of practical
interest. A variety of equations might be used to fit this behavior , but one which could be used
for a reflected wave is

Pressure Positive Duration [0.27 — 0.093 logo pJ(2W) ”
(a’)

= [0.34 — 0.116 log10 p1W~
where p equals the overpressure.

B.3.S Wave Forms
In this sect ion wave forms behind the two specified peak values for pressure , material

velocity and dynamic pressure, are presented from the results of the IBM run. They are
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presented not only for the purpose of direct comparison among themselves but also to investi-
gat e possible difficulties with conventional fitt ing procedures.

Because the pressure-time curves are known to concave upward , it is conventional and
reasonable to attempt to fit these to an exponential law , basically of the forni

p - p ( 0  e (11.2)

Bet such a curve would asympt otically approach zero pressure as t ime approaches u~fin ity ,  and
for this reason it is convention *l to modify the simple exp onenti a l and fit the pressure wave
with an equation of the form

p p ,(O) e ‘•~ to (t ~ ) (11.3)

where the times are measured front shock arro .il . The symbo l t~ refers to the pressure —
positive duration , and clearly the equation will  fit  the curve at that point. There are further
arguments which support the qualitative correctness of the latter equation because it does
permit a negative phase of the usual form , after which the pressure rises asymptotically to
zero as time approaches in finity . However , it is felt that the justification for this equation is
really no stronger than the arguments just presented , and the great danger in aliy empirical fit
is that it implies some behavior of the wave form which may not be real.

Figures 11,3 and B.4 give , on semilogarithmic coordinates , the normalIzed wave forms front
the IBM run for overpressure , square of the material velocity, and the dynamic pressure over
period s which represent about two-thirds the pressure positive durations and about one-half the
material velocity positive durations. Because each of these wave forms has a positive durat ion
where their respective normalized values go to zero , curves on these coordinates must later - 

-
-

turn downward and become vertical at each of the respective positive durations .
In Figs. 11.3 and 11.4, itote that:
1. The exponential fit scents to be a reasonable approximation over the range of interest

for all three variables in their  normaliied form as expressed in Eq. 11.2. (In fact , the exponen-
tial fit according to Eq. 11.2 is better thati ot~e should have a right to expect 11 the form of Eq.
as were correct.)

2. The curve for the squar e of the material velocity decays much like the curve for the
pressure itself. This Is in direct opposition to the results which are predicted from the usual - 

-

procedure of calculating the material velocity from the Rankine-Hugoniot equation. By this
customar y procedure, the velocity itself would decay faster than would the pressure, and the
square of the material velocity would be something more than twice as fast as the decay of the
pressure. This fit suggests that, if the pressure wave has been fitted by the equation of the
form

p p ,(O) e t’i t
~ (11.4)

then the material velocity could be fit by an equation of the form

u u(0) e~~ ~ (~~5)

But , because Fig. 11.2 shows that the material veloc ity positive duration is about twice the
pressure positive duration , the material velocity might be approximated in a more general
form by

u u(0) e -Ct I~ (as)
where t~ is the positive duration for the material velocity wave and, happily enough, the decay
constant c is Identical with the decay constant (or the pressure wave to Eq. 11.4.
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3. Since the density ratio p/p(O), is also a decreasing function with pressure, it is ex-pected that the decay constant for dynamic pressures is slightly larger than the decay constantfor the pressure or the squar e of the material velocity. But purely from empirical observa-tions the fit of the form

p(0) u(0)~~ e k t  (11.7)

appears to be as well justifi ed as any so far considered.
The attempt was made to fit the pressure-time curve by means of the conventional form ofequation.

p p,(0) c-ct/to (i — 
~_ ) (B .8)

Through the Introduction of the linear term in t/t , the difficulty in the end of positive durationis cir cumvented, and Figs. B.5 and B.6 represent the fitted curve from Eq. B,8 over twice thetime durations shown in Figs, B.3 and B.4. From the concavity of Figs. 11.5 and 11.6, one
draws one simple conclusion , namely, that the pressure-tin~e curve cannot be fitted by thisequation with c constant even over the first half of the positive duration. This is an especiallysurprising result , since the simp le exponential fits In Figs. B.3 and B.4 appear to be entirelyadequate over the first half or even three-quarters of the pressure wave. The defic iency of theconventional equation may be understood by expanding both terms of the equation for smallvalues of r t/t 0. With the simple exponential fit , this expands as

p ~ p~(O) ( 1— c1r) + higher order terms r << 1 (11.9)

On the other hand the conventional fit similarly expands as

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r~~~ < 1  (8.10)

Thus, even for small values of r , the introduction of the linear term distorts the decay constantc in such a way that

c2 = c 1 — 1  (8.11)

From Figs. 8.3 and B.4 the decay constant c1 was determined to be approximately 2.5. For eachwave the corresponding dec ay constant is changed materially by the numerical factor of 1 intro- —duced in it by virtur e of the linear term in t. At early times, of course, with 7 <~ 1, two equationsmight give similar results, but at later times the low value of c2 thus computed will seriously
affect the shape of the pressure wave.

These results suggest a variety of modifications which might be made to the empirical fit.These modifications would give a reasonable approximation to the IBM wave form over a sub-stantial part of the wave, when the pressures are still fairly high, and at the same time theywould permit the description of the wave to give zero pressure at the end of the positive dura-tion. Excellent results were obtain ed by one such obvious trial in form of

p p~(0) (1 -. rn) (8.12)

and the constax~t n was determined to be approximately 0.6 for both the pressure-time wavesconsidered here. Additional trials were then made of these comparisons at higher pressures.At a peak of 44 psi, the simple exponential fit again gave excellent results, but there the formIn Eq. 8.12 was poor , and, for this reason , it is suspected of being only a fortuitous fit in alimited range of pressures.
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These discrepancies are of less consequence than first appear. In the long run the primary
interest in the pressure-time curve is to give an adequate fit when pressures are high and at the
same time permit a ready description in terms of pressure impulse. These comparisons are
illustrated in Fig. 8.7, in which the true curve is assumed to be of a form shown by the line so
labeled in Fig. 8.7. Since excellent results were obtained in this special case with the use of
Eq. 11.12 the curve was fitted in the form

p
ln 1 — —

po (0)
a = (B.13)In r

for which the average value of n was determined to be 0.576. After integrating the impulse in
the form of

I = p7(O) f ’ (1 — ~.O . b?8) dr (B.14)

the impulse becomes

I = 0.365 p~,(O) to

The factor 0.365 is the shape factor for the wave in quest ion, the impulse being proportional to
both peak pressure and the positive duration. This value for the shape factor is probably as
reliable as any for the purposes of the present study. One simple exponential form is used in
the form of

I = f ’  p0(O) e~~ dt = O.368p~(0) t o (B.15)

which is nearly identical to previous result . We expect this impulse to be high because the curve
V does not pass through p = 0 at r 1. The finite value of the pressure at r = 1 is indicated by the fdashed line in Fig. B.7 and is labeled “simple exponential fit .” From Figs. B.5 and B.6, it is

clearly impossible to use a fixed decay constant with Eq. B.8 for either curve in question . The
decay constant chosen would vary from 2.5 near the shock front to values like 0.7 at the end of - 1the positive duration. With an arbitrary value c for such a decay constant the impulse becomes

I = P~,(O) f’ e —ct (1 — t) dt

p0(0) t0 [i_ ~~+~~9 

(B.16)

For C = 1

I = O.36SP~(O) to

For C = 2

I = O.28p~(0) to

These values are again in substantial agreement with the impulse derived from the other
empirical fit , but the uncertainty in fixing the decay constant amounts to 30 per cent.

These relations are shown qualitatively in Fig. B.7, which gives a comparison between
various empirical fits to the pressure-time curve. The full line is the simple power fit and is
probably closest to the pressure-time curve, in this case over the entire region. The simple
exponential fits best where pressures are high; during the second half of the positive phase it is
initially lower than the true curve but obviously is high at the end of the positive duration ,
where it still has a finite value. The customary form involving both the exponential and the
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linear terni is high during the first  half of the positive phase and low during the second half of
the positive phase. There is a striking advan t age for the simple exponential fit because it is
usual l y better during the first half of the duration where pressures are high and damag e is
most important; it fits least best in the second half of the positive phase where the pressures
are already low , but even in this region it is somewhat compensat ing when impulse is calculated .

Gr ant ing the fact th at the l imi ta t ion th at the simple exponent ial fit  cannot express the
behavior of the wave’ in the last th i rd  or half of the p o si t ive durat ion , there are still certain
other pract ical advantages. The positive duration is an exceedingly diffi cult  measurement to
mak e because the pressure-t ime curves are so flat in this reg ion . In many practicai cases , It
cannot be determined .it all with any degree of re l iabi l i t y  f rom field measurements because of
the small shifts in pressure levels as a result of surface and atmospheric perturbation to the
blast wave . The simp le exponential fit describes the beginning of the wave adequately without
requiring measurement of positive duration . F inall y ,  the author has used such f i t s  on many
occasions to describe reflected waves and has alway s found then i  markedly useful , especially
near the shock front where the greatest interest in the time curve occurs. Moreover , altho ugh
the f~u lure  to p.ess through zero pressure at the end of the duration is annoy ing from an
analy tical  point of view , there is no graphic di f f icul ty  in fair ing a pressure-time curve to zero
pressure at the end of the positive duration .

11.3 .4 Djnamic Pressure~~~puine

In the region of practical interest for damag e to structures , the dynamic pressure is
a lway s  considerably lower than is the peak static overpressure so that the interest in dynamic
pressure is of imp ortance because of its much longer effective duration than that of the static
pressure in diffraction.

Figu res 11.8 and B.9 show the normalized curves on linear coordinates for pressure , squar e
of material veloci t y , and dynamic pressure plotted from the wave forms in Report J- 16837 at
slant di stances of 960 and 1400 ft from a 1-kt explosion in free air . These again correspond to
peak pressure levels of 7.65 and 4.2 psi , respectivel y , at the standard conditions of 14.5 psi
pressure and the sound velocit y of 1138 ft sec . It w ill  be noted in Figs. 11.8 and B.9 that the
cu rve for Lu u (0) 12 f i ts  the pressure curve p p , i,O) fairly weU throughout the positive dur ation ,
cr ssing it twice during that  interval .  Because of it ~ longer positive phase, the integrated
val ue of u~ can be expected to exceed that of the pres4ure. The density curves are not shown ,
but they present no serious problem. At these low pr/ ’ssures the densit can he calculated
di rectly from the adiabat ic law , and , although it Is slightly more accurate to retrace the
earlier history of each mass point and use the peak absolute pressure and peak density at the
shock for these conversions, it suffices to use ambient pressure and ambient density . Because
the density curve is concave upwar d the dynamic pressure curve necessarily falls below the
fu u~T(0) J curve. The dynamic pressure curve• is nearly congruent to the pressure-time curve
during the first quarter of the wave , after which it fal ls  below the pressure curve. Near the
end of the positive duration for pressure , the dyn am ic pressure again exceeds the static over-
pressure , and , by virtue of long duration (corresponding to that of the mater ial ve1ocitv~, the
dynamic pressure impulse also contributes after the end of the positive duration , since static
pressure compensates for the relative lowness of dynamic pressure during the middle portion - -

of the pressure positive duration.
The impulses for both dynamic and static pressures were graphically integrated from

Figs. 11.8 and 11.9 on a normalized basis with the static pressure impulse set equal to 1.0.
Results are shown in Figs. 11.10 and B.1l , in which it wilt  be noted that the normalized dynam ic
pressure impulse is finall y within 10 per cent of the static pressure impulse. This effective
proportionality between the dynamic pressure and . static pressure impulse greatly simplifies
practical consideration. Given any observed free stream pressure measured on the ground , the
static pressure impulse may be calculat ed either graphical ly c r  anaiytt eall ’, , using whatever
method appears appropriate. Because of surface effects, the observed peak pressure wil t  al-
most always fall below the value expected over an ideal surface. Yet the ideal peak pressure
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may always be estimated with a high degree of reliability by a simple exponential I it of the
peak static pressure. Based on this ideal value of the peak static overpressure , p ,(O), the peak
dynamic pressure 1’z(p~ (0)u ,(0)~) is readily calculable from the Rankine-Hugonlot relations.
The dynamic pressure impulse is then determined by

J” (~~pu 2) dt 
= 

~p~(0) u 0(0) 2

f ,~’ p dt p~,(O)

This remarkably simple law appears to have usefu l implications in predicting the field
variables from atomic weapons. It is at first attractive because It suggests an equipartition of
static and dynamic pressure on a normalized basis; namely, the impulse delivered through
static or dynamic pressure must always bear the same relation to their peak values , consider-
ing their different positive durations. This h ypothesis of identical shape factors was tested at
high pressures of a 44 psi peak, but , at that level , the dynamic pressur e fell far below static
pressure , and it is doubtful that this simple law holds over all ranges of pressure, in any
case, it is suggested as a working hypothesis both for practical problems and for further re-
search in the field variables.

p1 -
B.4 APPLICABILI TY OF DWERGENCE ARGUMENT S

The verification of the general ar gument from divergence , as presented in Sec. B.2 , by
testing wit h the IBM run in Sec. B.3, lends strong support to the plausibility that similar con-

— clusions may be drawn from reflected waves , especially near the ground surface. Near the -

, 
-

ground , the material velocity is always parallel to the ground and hence , a presentation like
that of Fig. B.1 which requires only a single space coordinate , may be used to describe the
blast wave. Although the geometry would appear to be two-dimensional at first , the mass flow
behind the regular reflected wave (in either regular or Mach reflection) is still essentially
radial from Ground Zero, and the divergence bear s a strong similarity to a spherical wave
bisected by the ground plane.

B,4,1 Positive Duration

Once the Mac h reflection process has set in and at long distances from the bomb, all
properties of the wave eventually approach those of a bomb of twice the yield in free air. As
a first guess, one might limit the positive dur ation at normal incidence to that of the incident
wave and thereby formulate the rule that , at normal incidence, the positive duration corresponds
to the free air wave , and, after Mach reflection , the positive duration gradually approaches that
of a bomb of twice the yield. However , Chan dresekhar solved the problem numerically for the
reflected wave from a plane shock and found an increase in positive duration of about 10 per
cent, For low pressures, the corresponding increase in positive duration with a reflection
factor of 2 is roughly 20 per cent . By virtue of this coincidence, it is expected that a reasonable
approximation the positive duration for all reflected waves will correspond to that of a bomb
of twice the yield.

There is uncertainty whether to apply the reflection factor of 2 to the positive duration at
the peak pressure level of the reflected wave or to apply it to the point corresponding to the
peak pressure level of the incident wave. It is presently recognized that one cannot hope to
derive rigorous rules on the basis of these simple arguments , and that an adequate solution

— really requires a machine solution with two space coordinates for the blast wave problem over
a reflected surface. The most we can presently hope for is to establish reasonably practical
and consistent rules and satisfy ourselves as to which is the better choice of a positive dura-

• tion. From Fig. B.2, we observe that , in the region of practical interest , the positive duration
actually decreases with increasing pressure, and it does not seem reasonable to peg the
positive duration for the reflected wave at a decreased value because of an increased reflected
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pressure. For this reason alone, it appears more reasonable to fix the positive duration on
the basis of the Incident pressure at the same slan t distance.

The basis for the argument for the reflection factor of 2 is fundamentally that of doubling
the energy density. Consistent with these arguments , times and distances may scale like W~but k ’npulse scales lik e W” . A comparison betweec the pressure-time curve for a free air
wz ’~e and a corresponding reflected wave is shown in Fig. B.12. The free air wave is depicted
with the peak overpressure p~ (O) and duration 1.0 in the figure. In the acoustic approximation
the reflec ted pressure would increase by a factor 2 1

3 to 1.26 pt,, and , at the sam e time, the
duration would increase to 1.26. The Impulse increases by 2% ti the shape factors remain the
same. But , by virtue of the nonlinearity of the reflection process anti nonideal property of air ,
the actual reflected pressure at normal incidence is always considerably greater than that
given by a reflection factor of 2, and the reflected pressure actually approaches values like
12 times the incident pressure near normal incidence. Conservation of energy hardl y permits
this enormous increase to ext-”nd over any considerable portion of the wave. For this reason ,
the state of affairs is prob~~.I y more like that depicted by the upper curve in Fig. B. 12. The
abnormally high (above 2) reIK”tion factors are restricted to a relat ivel y sharp peak near the
shock front , with a reflection factor of 2 in the positive duration.

At normal incidence , of course, the material velocity is zero behin d the reflected wave and
the kinetic energy of the incident wave reappears as static pressure in the reflected wave.
From this it is an interesting conjecture that the total impulse (dynamic plus static pressure)
may be invariant in the reflection process in comparison with the incidence wave.

B.4.2 Surface Conditions

Over real surfaces it is well known that peak pressures are markedly reduced by thermal
and mechanical effects in the interaction with the ground surface. For the present , it is suffi-
cient to point out that , from the conception of the theory in Report LA-1406, the same remarks
do not apply to pressure impulse or the drag winds associated with the blast . In fact , Report
LA-1406 contains the argument whereby one expects the ground surface merely to reduce peak
pressure either by distributing energy over a larger volume In the thermal effect or by absorb-
ing kinetic internal energy at the shock front th rough dust loading. In either case there may not
be any over-all absorption of energy by the ground surface , and for this reason one may not
expect any appreciable decrease in the integrated impulse from either static or dynamic
pressure.

B.5 CONCLUSIONS

The results may be summarized by the following conclusions.
1. The positive duration for material velocity is from 1.5 to 2.5 times the positive duration

of the pressure wave. It corresponds roughly to the absolute minimum in the pressure wave. It
is practically constant in the region of practical interest , being approximately 0.29 ’,-~ sec for a
free air wave at the standard condition of I bar and at an ambient sound velocity of 1138 ft . sec
(for details see Fig. B.2).

2. The positive duration of a reflected wave is, to a good approximation , the same as that
of a free air wave of twice the yield at the same slant distance. This result ensues regardless
of height of burst or region of reflection.

3. The customary procedure of calculating the material velocity from the pressure-time
curve by using the Rankine-Hugoniot relation is inadequate in regions of practical interest and
leads to calculated values of dynamic pressure impulse which are much lower than their actual
values.

4. The customary fit of pressure-time curves by expresr -’~s of the form

p~ Pcy(0) e Ct/t o (i — (B.18)
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is probably inadequate because it does not describe the free air wave form. It generally leadsto forced fits to the pressure-tj nie curve which, at best , pass through the actual curve duringthe positive duration,
5. No expression is presently suggested as to the exact fit for the various wave forms,but simple exponential fits of the form

p = p 0(0) c-ct 
(B,19)

u = u~,(0) e C2t 
(B.20)

= ~ P~,(O) u~ (0)2 e cst (B.21)

p = p ( 0 ) [ p / p (0) J l/ V (B.22)
are considered adequate. They describe the first half of the wave well and involve only minorerror s in calculated impulse over the true positive durations. With a simple exponential fit,the normalized curve [u/u ff

(0)J2 has approximately the same decay constant , c, as does thepressure-time curve.
6. The dynamic pressure impulse may be calculated with 10 per cent from a measuredfree-stream overpressure impulse by the relation

I (drag) — J~’ ‘/~ PU 2 dt 
r.I (pressure) — f ’ p dt0 

(B.23)
— ‘/zp~ (0) u~(0)~ , - - .—

~~~~~~~~ 

~a~
0)

7. As a first conjecture , the sum of peak pressure impulse and drag pressure impulse isfairly independent of both height of burst and type of ground surface. As a working approxima-tion, the sum may be taken to be the same as that for a free air wave from a bomb of twice the f ~
yield. For points in the region of Mach reflection, it can be taken separately as being equal to - :that of a bomb of twice the yield.

I
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Fig. 8.1—Interrelations between radius time , pressure time , and mater ial velocity time in a shock wave.
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= i’~ (i - ~~ ‘~ ) ( True curve )
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:on ~~~~~ ~.— P = e ( . iu ,n1t ~ :-.x ~~~~~~~ i - i l J~ i t )on S -a)

Tinie r = i

Fig. 8.7—Comparisons between various empirical fits to a pressure- time curve.

P = Pq ( l  — r’~) probably closest in this case , to the actual curve .
P - P~ e~~

T fits best where pressures are high , becomes low in the latter
phases , but correspondingly high at r —

P P~ e~~2~ (I r) is high during the first half and low during the second half .
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Fig . B .8—Normalize d wave forms of pressure , material velocity , and dynamic pressure for a spherical
wave in free air , l-k t yield , 960-ft slant distance .
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TIME AFTER SHOCK ARR IVAL . t (mi)
Fig. B.9—Normalised wave forms of pressure , material velocity, and dynamic pre ssure for a spherical
wave in free air , l-k t  yieLd , 1400-ft slant distance .
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Fig, 8.10—Normalized Impulses for static pressure , material velocity , and dynamic pressure of Fig. 8.8.
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Fig. 8,11—Normalized impulses for static pressure , material velocity , and dynamic preuure of Fig. 8.9.
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Fig. 8.12—Qua litat ive comparisos of a free air wave with its reflected wave.
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APPENDI X C

REGULAR SHOCK R EFRACTION THEORY

By T. Schifinian and A. Sherman

p.C. I INTRODUCTION 
. 

-

The problems of a shock wave striking a gaseous and a solid interface obliquely have been
solved already, alt hough in the former case , the solutions dre expressed in terms of mater ial
flow velocities which must be solved numerically. By combining these solutions , one can attack
the very important problems of:

1. A shock reflecting off the ground which is separated from the atmosphere by a thermal rlayer (see Fig. C.l for a cascade of regular refraction problems) and
2. Obta inino~ from the l imiting solutions of the regular refraction problem the condit ions

for which the transmitted shock in the thermal layer wilt travel ahead of the tr iple point and
become retransmitted into the incident region as a precursor.

It is believed tha t in case of problem 1. the flow velocity near the ground will be COn-
siderably larger than it would have been had the thermal layer been absent , and , hence , the
theoretical analysis might be able to explain and correlate the large drag forces observed in
Shot 10, UPSHOT-KNOTHOLE,

Before being able to treat these important problems , one must f i rs t  reanalyze the basic
problem of a shock striking a gaseous interface , which will lead to either a shock or a rare-
faction wave being reflected from an interf ace and a shock being transmitted in the other me-
thum. If the incident shock and angle are given and an the gas data are shown , there remain
still five unknown quantities: the transmitted shock strength and angle , the reflected shock or
rare(actton strength and angle , and the angle through which the interface turns , due to the shock
impact. The first goal is therefore to obtain the necessary equations involving these quantities
and solve them by engineering approxi mations that will eliminate the proh ibitive numerical work
involved in the known solutions.

Shock wave interactions at a plane boundary separating gases and solids or separating dif-
ferent gases c0, ~~ and c , ~ have been treated (see references i t o  6 by Taub , von Neumann,
Stoner , and Polachek). They consider a configuration either with three shocks or two shocks
and a rarefactlon wave as shown in Fig. C.2. An observer traveling with the triple point will
gee three major regions in which pressures are constant. The incident shock , Q, strikes the
gas boundary at an angle a , and , if c~’ ~ c0 and 

~~~ ~~~
, a reflected shock, ~ , travels back in the

incident medium (at least for the ease ~ = 0), and a transmitted shock , r. a ” travels in the
lower medium. The original boundary becomes a slipstream displaced by ô. For c~ ~(v. = 

~ and a = 0), the reflected shock must be replaced by a Prandtl-Meyer rarefact ion
model . These regimes hold until 

~~~~~, 
at which angle they interchange. This transition angle

is roughl y 45 deg for moderate shock strengths. For the case of the shock striking a solid
boundary, let the density approach Infinity , i.e., c5~ = ~ I (P O p~°) -. 0.
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C.2 BOUNDAR Y CONDITIONS FOR THE BASIC PROBLEM

The boundary cond itions ar e that (1) the pre ssures do not change across the slipstr eam ,and tha t (2) the flow deflec ted through 4 and 4’ must be parallel to that deflect ed through e.

C.3 BASiC EQUATIONS

Polachek and Seeger express the basic equations In terms of normalized material velocities,which lead to a large set of simultaneous transcendental equation s which they solve by means ofthe IBM Selective Sequence Calculator. The goal is to transcribe these equations in terms ofthe physical measurable quantities 4. 4 ’ , 4 ,  a, a’, a and 4. For a , 4 and all gas character-istics known , one shal l obtain five equations for the five remaining unknowns and then byelimination reduce these to two equations in two unknowns, which , similarly to the case ofoblique incidence on a solid boundary , can be solved by engineeri ng approximations.

C.3. l Shock Regimes

The first two basic equations state that the flow parallel to the original boundary can becalculated from the conditions behind the incidence shock and ahead of the reflected shock and - -tha t at the triple point there does not exist a component of flow normal to the original inter-face. They are expressed in terms of relative flow and shock f ron t veloc ities wh ich for thecase of a rigid boundary, 8 0, reduce to the familiar oblique shock equations. The unknowns8, 4’ , and a’ appear on the left hand side of the equations , separated from the known , 4 , a onthe right szde.

i-i - -U ’ cos O U
— u’ sin a —fl-— —  u sin a (C.1)

U’ sin O
—~~~ — u cos a u cos a (C.2)stn (a + 8 )

where

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
, C1( 1 — A ~)(4 ’ — 1 )

13 = ~ ~~~~~~ u~ = - c1(1 +o ~ ~ + A j /(1 +~~)(~‘ ~i~)

c1 = c 5 ~~4~~_t_ ?
j~ i L J

Equation C.3 represents the basic boundary condit ion that the pressure on both sides of
the slipstream is the same

4” = 44 ’ 4 ’ 1 (C.3)

The next equation expresses th e fact tha t the shock front components parallel to the origi-nal interfa ce above and below that inte rface must be equal.

U _ UN

sin a sin a’

_____ 

(C 4~u - —  • / r + x ~ A~~~~ ’ 1 . -— c o V  1 + X ~ ‘
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In case of 4 • 4’ 1 , the U and U~ of Eq. 4 reduc e to c5 and c,’, respective ly , and the ra tio
of incid ent to transmitted (reflected ang le) Is equal to the rat io of sou nd velocities. This is re-(erred to as &i.Il ’s law for sound waves.

Finally by utilizing the fact that the component parallel to the transmitted shock is thesame on both sides of the transmitted shock, one can express the normal components of mate-
na !  velocities an terms of the ang les between the ori gina l and displa ced interfaces, and oneobtains

tan (a — 5 )  1 + A ~4 
C 5 )

which happens to be the ratio of densities across the transmitted shock , 4” .

C.3.3 Shock-rarefaction Regime

This case is simila r to the one t reated above , except that 4’ ~ 1. 0 and hence P 1 and P~ mustbe joined by a Prandt l-Meyer rarefac ~on wave.
There exists an excellent treatment of Prandt l-Meyer expansion in !u1rodsct~on to Theo-

rvtical Gas Dvuamu s by R. Sauer ’ and Dampf f ind Gasturhinen by A. Stodola ,’ and we repeat
here only the results.

Define u 1 as the material speed behind 4 normalized with respect to the acoustic speed in
that region ,

[(U _ u) t (U) ’ a
~ c1 c1

where 

~~4 + A j ~~ -
~

e~ % 4 ( 1  + A )  c 1 ~~~~~~~~~~~ f 
- -

The absolute velocity vector , u ’ , after the expansions normal ized with respect to c3 isrelated to u 1 by

~,I24 U ÷4) 1 = 1 —4 ( u ~ -- 1) 
(C.6) - 

-
-

1 + Aj(u ” — 1) 
- 

-

which represents our first basic equation . One other equation is derived by calculating also thechange In angle between u~ and if. In terms of this change the angle between the original anddisplaced interface is

1 _
~ 

i~~,1j i — v ’~~~~ iJ — t  j ,/ u ’2 _ 1_ v fu~~_ I  ~, 
- 

-t a n 6 = t a n  a- + --- tan _________ — tanX 0 Ii +
~~~ v’ (u ’~ — 1)( u~ — 1) ji + I~~1j ~(u~TTj~ j

— tan ’ 
{~~~

-

~~~

-

~~ 

tan (C.7)

The other three basic equations for the two-shock-raretaction regime coincide with those
for the three-shoc k regime and are also given by Eqs. C.3 to C.5. Car e must be exercised in the
interpretati on of 4’ in the relation 4” 44 ’ . Here 4 ’ represents the pressure rise across the
Prandtl-Meyer rarefactlon wave , P~ P 1. and is smaller or equal to 1.

C.3.3 Transition Between the Two Regimes
The angle where the three-shock regime and the two-ahock-rarefaction regime interchange

can be computed from the limiting case 4’ = 1 , eIther from the basic equations of the three -
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shock or two-shock-rarefaction configuration. In the former case by div iding Eq. C.1 by Eq. C.2, I -one obtains tan 5 which one set s equal to tan S derived from Eq. C.5,

tan a ” (1 — ,
~
“) _ tan a (1 — ,p) . 8tan 

1 + ~ tan 2 a ” 1 + ~ tan 2 a (C. )

where

1 + A ~4’ 1+44
‘~ 4” +4  

71
4 + 4

For 4 ’ = 1, 4” = 4 and by Eq. C.4 , one obtains for tan a ” in terms of sin a = at and ~ =

sin a~t ana = —I c2 — sin’ at

and by triangulation

sin a~tan a —

v’ 1 — s i n ’a~

Substituting these expressions for tan a ” and tan a into Eq. C.8, one obtains a quadratic expres-
sion for sin at

4y~(4 2 — 1) 
[ 

— sin4 at + 
[a .cii(a 

~
) + 4(~’~ — — sin 2

+ a 0(a , — a ,a ) = O  (C.9)

where

a1 = (y0 + 1 ) 4 + y 1 — 1

a 1 = (y 1 + 1) 4 + y 1 — 1  -1
and

I
V.

For Vt = Vs

a( a + 1) a a ~sin at — 

4 ( 4 2 — 1) sin 2 a t + 
4 ( 4 2 — 1) = 0 (C.9)

This expression is Identical with Eq. 14, reference 6 and could have also been obtained by com-
bining Eqs. C.4, C,5, C.6, and C.7 from the two-shock-r arefac t ion regime by letting 4’ = 1.
For this case one obtains from Eq. C.6

UI = U’

and hence by Eq. C.? for

tan o = tan (a — tan 1 
~j_~ tan a)
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r

or

tantan S -— - -

I ‘ r~ ta n a

which is precisely Eq. C.8, and , since Eqs. C.4 and C.5 still apply, it must lead to the same
value of sin3 a~ as given by Eq. C.9

We stated previously that it ~ and c = c5 c 1, the three-shock con! igu rauon must
prevail for a = 0, and ~ I , the two-shock-rare faction regime must exist. We are now in a
position from Eq. C.9 to deduce the criterion for the general case ~ ~‘o by considering a
transition to occur at a 1 = 0 and thus obtain

a0 aa , (C.l0)

Since for a solid boundary, ~ = and hence a becomes inf in i te  and a reflected shock travels
away from the reflected boundary

a0 < air 1

and
PS

a0~~ aa 1

represent the conditions for a reflected shock and a reflected rare laction wave respectively to
occur at a = 0.

In order that supersonic flow normal to the reflected wave exist in both configurations , we
must also have u 1 (Fig. C.2) at least equal to 1 or

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

or a ~ a5 with

tan a ÷ = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(4 ‘ 4)  
~~~~~~~ ~ 

( C .I l )

The final limitation on the three-shock solution is of course that the transmitted ang le be real.
From Eq. C.4

u” 2 ~ (4” x~) (1+4 )  
2sin 2 a” =~~~ sin 2 &r = j -  

2 
I

or

2 —2 
(1 -* 4) (4 + 4)

sin aL ( 1 +4 )  (4” +4 )

Since 4” 1 for the three-shock configuration , the largest value of sin 2 iY
1 

will occur for
= 4 and therefore

-
~~~ 

(1 + A~) (4 
~ 4) 0sin 2 a1 c 

2 
—i- = a —

~~ (C.12)
(1 4 A 0) (4 + A 1) a 1

At thi s angle a precursor will start to form.
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C.3.4 Limit ing_Soluttuns tur Head..on KefIet ’~~un

For the limiting case of head-on reflection , we must set a ~v it ’ 0 in all basic equs-
tions. In addition, S • 0 , since only a displacement of the or igin al bou ndary but no rotation takes
place. To evaluate the various l imits  it Is best first  to eliminate S between Eqs. C. 1, C.2 , and
C.5 for the case of the three-shock configuration. One obtains from Eqs. C. I and C.2

sin a ’ (u cos a u ’ cos a ’) it it (u ens a u ’ cue a ’)S , I . . (C. 13)U u cue a ’ cue a 4 it ’ cue ii U u sin it sin s, u sin a

whereas , by Eq. C.8

tan a” (1 - vi”)tan S 1 s ,p” tan a ”

Equat ing Eqs. C.8 and C. 13 and dividing by tan a” , one obta in s in the lImit  a • a’ a” 0

it ’ U” 
~ ~/(.. . A~)(I 

(C’ 14)U U (4 ’  4 A~)(l 4) 
.

But according to Eq. C.4 the quantity mult i plying u~ U equals unity for the l imit  a a ’ 0 andhence

u u ’ u ” (C’ . 15) r
where

(~~ (I - A~)(4” 1)

4 4)U 4 4)

represents the normalized part icle tlst w velocIty behind the t ransm it ted shock. Therefore ~tt’ —
cording to Eq. C. 15, the sum of the incidence , reflected , and tr~tnsmltted flow velocit lee is equalto zero.

For a reflected shock wave it ’ Is given by Eq. C.2 and for a rar t ’facttun wave out ’ obtains u ’by taking the limit  of Eq. C. ’? for sv 0

tan S - tan 
4 

1 - ~14 (I  ~4) lJ tan  a u ~ tan

or by combining with Eq. C .l4

u - -  1’(A~ ( t s 4 i l J
tan S ii ” 

—
tan a ” U U

Expressing the r ight — hand side formally in t e rms  of it ’ analogous to the case of the reflected
shock , one obtains

U U ’ - U ”

where u ’ is the velo city behind the reflected rar etact iun wave given by

U’ 
)~o~~

’
~1 f 1  4’U’Yo- ~l )  

~~~ ~ [
1- 4  1 —  4’14 t t ’4 i i J  (( ‘ .16)
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The cases of head-on reflection assume great Importance because Polachek’s resu lts
(Eqs. C.4 and C.6) indicate that for other angles there exists little deviation in 4’ and hence in
4” from their head-on values. Hence any possible engineering approximation, should be based
on the head-on va lues.

C.4 ENGINEERI NG APPROXIMATIO N S

To derive useful engineering approximations , it is convenient to rew rite the five basi c
equations as follows:
For the three-shock regime

U CO S (V - -  U ’ COS a ’ U” cue a ”tan S - , - ((‘.17 , 18a )(U sin a) -- u s i n a -  it M a o  (U sin a ) - u  sin sr

sin a’U — U - it roe (a 4 a ’) u cue 2a = 0 (C .IYa )sin a

For the two-shock- r a re lact lon regime ,

I 1 — t  
A 1(.~ 4’) — t  ‘ ~ u ” roe a”t a n S = t a n .i(~~~~~tan 
l + A t~ø4 

tan 
~~ 4~~4 f l  (U sin a) — u ” sin a”

where

— ~~fl(1~~ At~~ )4’ 24.. u~4) 
- 1I

i
~

~ 
j (U — u)~ U 2 cot ’ a - 

(C.17 , 18, 19b) f .

u
~ a — t a n 

i 
tan a

For both regimes

I t t  /1” + A 2
sin a” ‘- -

~~ sin a / (C 20)
~~aa 0 7 4 4 4

and

4” U’ (C.2 I )

C.4 . I Three- shock Regimes

C.4 . l . l  Approximation s Near a 0

(a) The Reflected Shoc k , 4 ’ . From Eq. C. 17 for a • a’ a” 0, one obtaIns

U — U ’ - U (C.22)

or

‘ I ~~4 X 1) “ I
— — 

t,4’ + 4 ‘ at’l~ v 4” 4 4

U~ 1J~SS1FLEB

— —— —  ~~~~~~~~ 
—— - .



Two types of approximations are considered , one for which 1(~~Tià~) 1, i.e., the gases are
not too dissimilar and the other , where a, and hence the temperature, is so largc that the param-
eter i~&7ia~) is small enough to approach the Case of a rigid boundary. For the former , one
assumes tha t

4’ 1 4  ~~ (C.23)

and obtains by Eq. 7

A46 = 
— 1)(1 — 

~ (C 24)
i f (

~ 
+ 4)\ ,•~~ ( 1 +  EXj~1

~~~~~~~~~~~~~~~~~~~~~ ‘ i + 4

which reduces for the case = )‘i = 1.4 to

(4 — t)(I — c c0)
- 

c (34 + 4 4~6 4 1)
(1 + 64)  % 7

For the case of the nearl y rigid boundary, one assumes

(C .25)

where 4~ Is the solution to Eq. C.6 for a ~

4 — ~~~(4
— 1) ’ ,— 4 — A, 

~

--

~~~

-

~

-

~~~ 
(C .26 )

6 0

With the substitution of Eq. C.25 into C.22 and dropping the highe r order terms , OflO obtains

2 ~~~~~ TT’- 4 ~~~~~~~~ 
I

= ~ aa 1 Y 4( 1 + 44) /~ 4~~4 Al 
- - c.27)

_~1___ (~ + + ~ L ~_ u 44)4 (~ 
I 4 4

‘i~~+4 \ 4~ 
+ 4/  ~~ ao , ~~(1 + 44)(44~ + 4) \ 44,’ 4 4

(b) The Reflect ed Angle, a ’. Since (by Eqs. C.17 , 18a) the slope at the origin d4 ’ do = 0
at a = 0, it is expected that the approximati ons (Eq. C.3 and C.12) will hold for a considerable
r ange of finite a. However , a’ 0 only at a = 0 and hence even the first order correction must
involve alt basic equations.

Squaring Eqs. C.! and C.2 and adding gives

U,’ ‘S
-— f u ’2 — 2 U’u = -- + it ’ -- 2 Uusin (a ’ 4 5) sin a

or

U ’2 cot1 (a ’ + 5) 4 (t J ’  — u ’)1 = U 1 cot 1 0 4 (U - U) ’ ((‘.28)

Let

(C.29)
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an assumption well borne out by Polachek ’s and Stoner ’s results (references 4 and 6) ; sub-
stituti ng Eq. C. lQa Into Eq. C.17 gives for Aa ’, if higher order terms are neglected

• (tan a - 2 )  
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ (C.30)

or in view of the definition of u , U, u ’, U’ one obtains for Aa ’

(44 ’ — 1 )  tan a J (4(1 4 44’ ) 4 44’ + 4(24 — 1)J + tan 1 a( (1 + 44)(4 ’ + 4)JAa = IU& 4 4)~
(
~ ’ ~~~~~~ 

+ ta~~ a( 1 44)(4(i • U’) + 4~4~4 1 ) + 4 - #  
~~f 

(C .3 1) 
-‘

Having obtained Aa ’, one can solve for S from Eq. C.18a and obtain for the first  approxi-
mation for a’ by Eq. C.29

a’ • ~ Aa - tan~~ ~(u ” cue a ” ) (U . sin a) — it ” sin a”~ (C.32)

~1In terms of this value for a’ o~, one can obtaIn by Eq. C.l9a a second correction
4.

4 ’ 4 ’~~ 4~ + A ~ 4’ (C.33) *

+1
Substituting Eqs. C.32 and C.33 into Eq. C . l8a and neglecting highe r terms of A~4’ gives

A 4~ 
2(4~~+4)  

—_ 
~~~~~~~~~~~~~ 1(4 + X 1) sin a6

I 
r44~~+ 2 4 — 1 ] + L ( 1 -’- A :)(4~~+ z 4 + 1 ) J cos 2a6 \4( l + 4 4 ) f  ° Mao

- 4)(~~ 
1) cos (a + a

~) 1 — (1 + 44k) - (~ - I)( l  - 4) cos 2a~~ (C.34)

wh ich for the case of 
~~ 1.4 reduces to

= 
~~

-

~~~

--
_ 

~~~ + :~ ;~
‘+ l9)cos~~~~ {~~i~~~

i
~
i
~~ [(6 t ~) !~~-_~~~ 4 5(4 — I )  roe (a~ 

4

— (6 ÷ ~
) - 5(4k 1) cos (C.~~ )

With this improved value for 4 ’ , one can by Eqs. C.18a , C.29 , and C.30 find a second ap-
proximation for a’ and thus reiterate Eqs. C.17a and C. 18a until one obtains a convergence for
both 4’ and a ’. Since Eqs. C.l7a and C. 18a were obtained by the rigorous eliminat ion of all (he
other variables , this must represent the exact solutIon to the three-shoc k problem. Since for
a up to o~ the value of ~ ‘ does not differ appreciably from the head-on value, £4, the quantity
A 14’ from Eq. C.35 will be quite often negligibly smal l , and hence the f i r st  approximation s for
4’ and a’ suffice .

C4.1.2 Approximations Near a =

(a) The Reflected Shock, 4’, This approximation is obtaIned by assuming

4’ 1 ~ A 4 ’~ (C.36)

and

a ’ • a~ — Aat
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Substitution into Eqs. C. 18a and C.19a and neglecting second order terms gives

tan S = + = X1[(4 + 1) + 4A~ ’X ,J (C.38)

where

a m a  /1~~~~-~~5in~ a
+ 4)~ + 4) V

~~~~~~~~~~~~~~~ 
_ ct/ ~~~sin 2 a ( 4 — 1)(1 — 4)

1 +4  aa1 v’(l +A ~)(4 +4)

4 for~~, =y 1 = l.4

sin a i/i — (c
*)2

= 
1 +  64 — 5(4 — 1)(~;) sin 2 a

4 — I  
+ 

_
,/~~~~(4 — 1) sin a 

~~,
2(4 + 4)(1 _ _!_ sin 2 

a) — -~!-i_ sin2 aaa1 p aa ,

Ior y, y, = 1.4
* 2

— 
— 1) 

+ 
5(~!.) (4 — ~~~ sin 2 a

— — 
(1 + 64) [i 

— (1)2 sin 2 1 + 64 — 5(4 — 1)(~~ )2 sin 2 a

= ( i — 4 ~~~~ — 1) sin 2a
~ 2 [(4 + 4) — ( 1  — 4 )( 4 — I )  sin 2 a] P

$ 1or y~ ”~~1 1.4 -

= 5(4 — I) sin 2a
‘ 2[1 + 84 — 5(4 — 1) sin2 a]

(1 — 4) sin a + 4A2 ) [ 
~ sin 2a , ,= 

2 ~(1 — A 0)( 4 — 1) ~ sin a~~11 + A0 [(~ + 4) — ( 1  — A~)(4 — 1) sin2 a]~
— ( 4 4  4_ (1_4)(4 _ 1)sln2 aJ cos a~}

for y, y 1 = 1,4

= 
5 sin a 

~~i){5(4 — 1 )  ~~~~~ sin a~ —~
1 -4 64— 5(4 — 1 )  sin 2 aj cos a~}

4 64 -- 5(4 - 1) sin 2 a]~
where a~ is the solution to the quadratic equation , C. l9~ . for 4 ’ l . a a1,a’ a~ , i .e., fory~~cos a~

~ / 2c t u cos at sin 2 a \ c~~sin 2 a 1 — u 2 sj n’a1 + 2(Jit sin’~~ 1 — U ’y -y ~ —— -—--- —
~~~~~

+ — -
~~~~~~~~~

\ IJ~ — 2Uu sin 2 a~ + u sIn 2 at! 152 - -  2Uu sin’ O~ + u 2 sin 2 a~
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or

2 ain2 a~ cos a~ (1 — 4)(4 — 1)~’4(1 +44)(1+4) 
Y (C.39)

- 
(
~ + 4)2 — (1 — 

~V(4’ — 1) sin’ at

+ 
sin1 at [4’(2 — 4 + 74) + 4(— 1 + s4 — 274) + z4~4 — 1)) — (1 — 4)~ (4 — 1)~ sin

4 at — (6 + 4)~ =(4 + 74)2 ... ( 1— 4)  sIn1 a~
which for v~ = 1.4 becomes

10 Sifl 3 Ot con a~ (—~~ 1)~~~74(6 +
(
~ 

+~~~)~ — 35(~~
_ 1) slii2 O~

+ 
sin2 

Ot (674 1 — 8 4  — 10) — 25(4 — 1)’ sin4 at — 1 + 64)1 
= 0 k

(1 + 64)’ — 35(4’.... 1) sIn at

Hence by Eq. C.38

__________ “ 
-

X4 - X 1X34

kfor A4~ = 0, X1(4 — 1) X3 gives the transition equation , Eq. C.9.
(b) The Reflected Angle, a’. Having obtained ~~~ one can solve for Aa~ by substitutingEqs. C,36 and C.37 into Eq. C.19a with the result

(c.40)

where

N = (4 + 4) sin a~ + (1 — 4)(~ — 1) sin a cog (a + a~) — + 
~h) + 

-

~~~~~ 
+ _____

+ 

~4. con aa~.J
D (4 + 4) cos a( + sin a sin (a + a~ )(1 — 4)(~ 

— 1)

6N = (64 + 1) sIn a( + 5(4 — 1) sin a cos (a + a~) — %14(o + ~~ + 
~~4~t 

15 con 2a[ _ 1j  V

OD (64 + 1) cos a~ + 5(4 — 1) sin a sIn (a + at )

C.4,2 Two-shock Rarefaction Regime

Since the reflected angle a’ does not appear in the basic equations , this section is onlyconcerned with approximations for the reflected shock strength, 4’.

C.4.2.1 Approximations Near a = 0

From Eqs. C.18b and C.19b for a = a” 0, one obtains

* 

(C.41)
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where

1 — I ‘‘ “ (C.42)

and , hence , instead of Eq. C.23 , one obtains now

4 — 1 -  ~~~ + x.

2

4 X1  
~~i~~F Li — 4~I~ ~ ‘~~~

] = 
%

0

~~~~~~~~~~~~~ ~~~~~~~~ (C.43)

whereby Eq. C.5
4

4” = 44 ’ ~ 1

One approximation to be considered is again for similar gases , or

~~aa 1

hence , take

= 1 — A4~~ (C.44)

which , when substituted Into Eq. C.43 gives

— 1) — ~ 4 Lt1—4)/(1+4) I (1 + 44)(1 4 4)(414/(1+4)J —= 

~~ ~ 
+ + 

1 1-4) /(1+4) 1 (1 + (C 45)

For),  = 
~~~ 

= 1.4, Eq. C.45 reduces to

‘ —  

( 4 — l ) ( ~i _ l )
A4s _

E~~ (34 + 4) 
~~~~6+ ~~4)

c0 6 4 + 1  7

Note that the correction term for the two-shock-rarefaction scheme coincides except for sign I - -with that of the three -shock system.
Finally for ~~~ aa 1 ‘-‘ 1, assume 4’ = ( 1 ‘ 4) + A4 ’ and obtain from Eq. C.43

— 1) _ V4 1(1 4)/(l +AI) I (1 + 44)(l + 74) (4 14/t1s~~ l — i)

+ ~~~~~~~~~~~~~~~~~~ 
(C.46)

which for )‘s = )i 1.4 reduces to

47I’ /L i( ~ .+ vr~F 
(C, )

which in the limit (c, c4) — 
~~~ vanishes.
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Since , as was the case with the three-shock regime , according to Eqs. C.18b and C.19b , the
shape (d4’ do) = 0, at a 0, the approximation, Eq. C.47 , is expected to be valid for a con- —

siderable range of finite a. This can be checked by computing 4’ near the transition angle ,

C.4. 2.2 Approx imations Near a —
Assume

= 4’(a t )  — I ~~~ (C.48)

and obtain by Eqs. C.l8b and C.l9b

tan S tan ( ~~~~~~~~~ ~ q) C.49)

but tan S must be given also by Eq. C.38

tan S X 1t( 4 -- 1) - - &Aq X 2J C.50)

where ~~~ has been replaced by - .~ 4 ( ,  since in this regime ,

Equatin 1~ Eqs. C.49 and C.50 gives ‘ 
-~~

X 1(4 — 1) -- tan
2 (C.5 1) -

- 
-4 sec4X 1X2 ) O ( l +~~1)

where X 1 and X 2 are g iven by Eq. C.35 and b y Eq. C.l8b. For ~ 1.4 ,

F _ , l (6 -~~ )
a — t a n  

~~~~~~ 
tan a (

and 

6(4 - 1) , (1 + 64 ) 2 
C It 2 1‘- 

I ~~ 74(6~~ 4)

A1~ain for 4’ 1, i.e., ~~~ 0 , the equation

X 1(4 — I )  tan

is equivalent to the transition equation for ~, = at ,  Eq. C.9. Furthermore, tan must he iden-
tical with X3 for all a and with tan S for a at .

C.5 NUMERICAL EXAMPLE: OXYGEN-NITR OGEN AND NITROGEN-OXYGEN
REGULAR REFRACTION

In order to i l lustrate the use of the approximation and to check on their accura cy,  we re-
produce two typical problems from reference 6. Shocks ranging from ~ 1.11 to 3 .33 are
traveling from oxygen into nitrogen , which results in a two-sho ck -raretactn-in roof i~ ur ation
for a 0 and in the inverse problem; they tr avel f rom nitrogen into oxygen , which results in
a three-shock regime for a 0. At the pertinent transit ion angles the regimes interchange.
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The appropriate constants are as follows:

TABLE C. 1—Ba sic Parameters of Chosen
Refraction Problems

)‘~ 
(c e. c )

Oxygen-nitrogen 1.4 1.4 0.9354
Nitrogen-oxygen 1.4 1.4 1.069

The numerical results are as follows:
4

TABLE C.2—Cr It lcal Angles

4 Ui at,

(deg) (deg) (deg) (dog)
I.

Oxygen —nitrogen 1.11 44.09 42.20 74.15 69.295
2.0 49.43 36.81 65.46 69.295
3,33 53.39 31.75 61.44 69.295

Nitrogen-oxygen 1.11 48.06 46.56 74.15
2 .0 54.29 47.39 65.46
3.33 59.11 48.03 61.44

4 TABLE C.3—The Reflected Shock , 4’, at Head-on
Reflect ion , a 0

4

Oxygen-nitrogen 1.11 0.00349 0.9965
2.00 0.02 186 0.9782
3.33 0.03591 0.9641

Nitrogen-oxygen 1.1 1 0.003491 1.0035
2.0 0.02189 1.022
3.33 0.03600 1.036

TABLE C.4—Reflected Shock. 4’, Before TransitIon , a S - -

Oxygen-nitrogen •1

4 a 4’
1.11 40” 1.1465 2.11 0.3371 0.9530 0.000861 0.9992
2.0 40” 1.3095 12.7 0.2346 0.7847 0.0129 0.9871
3.33 40 1.5086 19.55 0.1612 0.7242 0.0277 0.9723

Nitrogen-oxygen

4 a X, X1 X4 4’

1.11 40 0.3218 0.9588 0.0368 —0 .304 0.001 62 1.0016
2.0 40” 0.2146 0.8000 0.2252 —0.239 0.0181 1.0181
3.33 55” 0.175 0.6900 0.415 —0.233 0.0142 1.0142
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The relat ions for 4’ are shown on Figs. C.3 and C.4. Since it is known from theory that
the slope near the origin is zero , it is felt that the few comput ed points are sufficient to draw
the entire curves. Once 4’ Ia determined for alt values of a , the other unknown quantities 4 - ,
a’, a” , and 6 follow immediately from the formulae in Sec. C.4. In order to solve the cascade
problem (Fig, C. 1) , of particular interest are 4” and a” . the transmitted shock., and transmitted
angle , respectively,

TAB LE C.5—Reflected Shock , 4’, After Transition, a at

Oxygen—nit rogen

4 a X 1 X2 X4 4’

1.11 64 0.1881 0.5058 0.0303 —0.476 1 0.0165 1.0165
2.0 56 0.2262 0.3573 0.2424 —0.4270 0.0275 1.0275
3.33 55’ 0.1754 0.3127 0.41 62 —0.3760 0.0123 1.0123

Nitrogen-oxygen

4 a X 1 X2 4 ’
I.-1.11 70” 0.2119 1.43 0.2896 0.8681 0.017 0.983

2 .0 60 0.2726 13 .17 0.2442 0.6662 0.0197 0.9803
3.33 60 0.2737 22.41 0.1780 0.6042 0.00518 0.9948

U’ (C.52)

and

*C 
~~~~~ 

lia” = sin ’’ ~~~~
- sin a 1 + 

2(6 +

where .~4’ is evaluated either near zero or near the transition angle. In general , the term
+ x~) is negligible and for practical purposes Snell’s law holds during the entire regular

refraction range

a ” sin ” (!.~ sin (C.53)
~co I

which Is confirmed in Figs. C.5 and C.6.

C.6 APPLICATION TO UPSHOT-KNOTHOLE (SHOT 9)

To illustrate a possible application of the above theory, consider the practical problem of - 
-a thermal layer in UPSHOT-KNOTHOLE , Shot 9 , which extends roughly to about 2800 ft ground

range from Ground Zero , as can be seen from the Mach stem trajectory, given in Fig. 2.13,p.33, reference 9. A graph of the time delay between the incident shock and the reflected shock
plotted vs altitude , obtained from gages 14810 , 30 and 50 (p. 104 to 106 , reference 10) is pre-
sented in Fig. C.7. This figure indicates the formation of a pseudo-Mach stern at roughly 3 ft
elevation. It is believed that Instead of a small Mach stem present , one deals here with a
regular refraction regime where the incident shock refracts through a thermal layer before
striking the ground as indicated In Fig. C.1.

The gradient in this thermal layer and its vertical extent are not known but some clue may
be gained from Fig. 2.29 , p. 52 . reference 9, whIch gives for the 837-ft station an average sound
velocity at 1480 ft Sec at the 

~~
‘ - -

~ 
ft elevation , and 1150 It , sec (i.e., standard sound velocity) , at
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the 10-ft elevation. Assuming , therefore , a constant thermal layer of 
~~ ft height associated

with the sound velocity c~’ = 1480 ft / sec (T = 320°F), one calculates the regular refraction
quantities of Fig. C.1, and one can explain most measurements at the 837-ft stat ion both at
ground level and at the 10-ft elevation, namely, delay times , maximum and minimum pressure
values, pressure wave shapes, and even the increase in dynamic pressure. Obviously, physi-
cally there must exist a variable vertical temperature gradient whose extent is difficult to de-
fine , but the following computation , assuming a constant layer , rough as it may be, tends to
confirm the regular refraction trends and seems to indicate that the present pseudo-Mach stem,
i.e., containing a single triple point , need not necessarily be assumed.

Consider Fig. C.8 , where , from gage 14B10 , p. 104. reference 10, at the 837-ft station at
10 ft elevation , the incidence pressure in the regular reflection would be 10.1 psi and for an
incidence angle of 19 deg, one would obtain a reflected angle of 13 deg and a ground reflected

4 pressure of 25.4 psi , which is 17 per cent higher than the m9asured value of 21. 7 psi (gage 14B ,
p. 103, reference 10). Thus there is something wrong with this scheme which neglects the
thermal layer.

Now, however , consider Fig. C.6. Here measured and computed values on the ground (see
also reference 11) and at the 10-ft station are in remarkable agreement. At the ground station
reflected pressure both ini t ial and final values (after reflection off the interface) agree within

per cent , and at the 10-ft station the reflected pressure agrees within 3~~ per cent and even
the rarefaction wave trend is confirmed. This can better be studied from Figs. C.10 and C.11,
which give a comparison of computed and measured wave shapes at the ground and at the 10-ft - -

station. The measured values were obtained by tracing gages 14B and 14B10 (pp . 103 and 104 ,
reference 10), and the theory can easily be modified by accounting for the measured finite
frequency response of the gage, and the fact that there is not really a sharp temperature din-
continuity In the physical situation. In any event , the peak values are in agreement.

As a final application of the above regular refraction theory, one could also explain the in-
4 crease in dynamic pressures at 2100 ft as shown on Fig. 2.19, p. 39, reference 9, without

assum ing a Mach stem to be present at this distance. The ratio of drag pressures calculated p
by Mach theory to that of regular reflection theory, according to Fig. 2.19 , reference 9, at the
2100-ft station , is roughly equal to 2. By applying regular refraction theory rather than regu-
lar reflection theory, the ratio of dynamic pressures is roughly 1.8. This increase is mainly
due to the steepening of the angle due to the refraction in the thermal layer , since the dynamic
pressure is proportional to sin 2 a where a is the incidence angle with the solid ground , which
is always larger than the incidence angle with the thermal layer.
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Reflected Rarefoction
Reg ion I

/ IncidenceRetransm it t ed ShockShock
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. c* >cCh ~ Transmitted o o

ShockRa~.ected Refl ected Transmittedrom urounu 
Reflected from Shock

Shock Ground 
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4 FIg. C.1 —Cascade of regular refraction problems.

P a0 c 0 a  a0 > o a 1 —(Equ. C. 10) (Equ. C 10)
Prondtt-Meyer Expansion

______ To

Pig. C.2—Three-shock and two-shock rarefaction regimes.
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Polachek-Seeger I B M  Solut on
a . Appr oximation Give n in Section C.4

1. 1

C 2.0 i.1~~~~~I.n~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

70 80 c
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Fig. C.3—The oxygen-niuogen regular refraction problem [L’ vs a for (c /q)’ 0.875].

1.08 
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~~~~~~~~~~~~~~

Polochek - Seeger IBM Solution ~~~
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~~~~~~~~~~
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.
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ANGL! OF INC IDENCE , a (deg)
Fig. C.4—The oxygen-ni trogen regular refraction problem (f.’ vs a for (c./q)’ 1.143].
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Fig. C.7—Delay Time as a Function of Elevation at 837 Foot Station.
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/
in.v. Designates measured values

P = 10.1 psi

n.y. = 10.1

P = 12.9 psi

n.y . 12.9

= 25.4 psi

a = 19 0
n.y . = 21.7 psi

Fig. C.8—Regular Reflection Regime Neglecting Thermal Layer at 837 Foot Station.

~~~~~~~~~~~~~~~~~~~~~

fDelay Time = 12 mc
Tn.v. = ii 6.7 psi

m.v. = 6Fe— 32 .5’ 32 .5’ ~~~
4 -, -~ P0 = 12.~) psi

o~ ~~~~ 
f l .V . = 12.9

6.5’ ~23.7 psi
n.y . = 24.5 

-a = 13. ° — K . i3’ 2b° 
a = 19°

23.5 psi F 17 7°— n.y. = 23.6 ~~‘ / 27.2 ° P0 = 12.9 psi
8.7 psi 3 .5’ 

—

~~~~

‘ I 21.8 psi. m.v.,= 8.7 
n.y. - l....9

••~
• ~~~~~ = 21.7 .

\
¼ \ ~A

\ / 34° a*~2o~~ a* = 24 .7°

~~~~~~~~~ /~~Y)~~
Pig. C.9~~ Regular Refraction Regime with Assumed Constant Thermal Layer at 83’?
Foot Station.
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Fig. C.10 —Comparison of Measured and Calculated Wa ve Shapes
at 814 Foot Station, Ground Level.
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Fig. C.l1—Comparison of Measure d and Calculated Wave Shapes
at 837 Foot StatIon, 10 Foot Elevation.
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APPENDIX D

SYMBOLS H
A list of the symbols used in Chaps. I through 6 is given here.
al , a2, a3, ... , denotes gages p1, p2, p3, etc., on Structure 3.la
3.laF, 3.IaT, 3.laR refers to surfaces on structures 3.la, ... , front , top, or rear .= b0(t), pretest prediction of average pressure on rear surface.

= b08 (t) , pretest prediction for average pressure on rear surface during pseudo-steady- state phase of loading.
C, exponential coefficient determining wave shape.
c1, Bound velocity behind the reflected shock.
Cdb , drag coefficient on rear surface.
Cd, net drag pressure coefficient (net pressure divided by drag pressure) .‘V Cj, an average drag coefficient in terms of measured and predicted drag in~ ises. Co-efficients are averaged for preserving the measured impulse . 

. 
-C~~, drag coefficient on front surface equal to the difference in surface and side-on pres-sure divided by drag pressure.

Cdr , drag coefficient on roof (top) .
Cd., drag coefficient on side surfaces.
c0, sound velocity in air at standard conditions.
ci,, specific heat of air at con stant pressure.
C t ,  specific heat of air at constant temperature.cv, specific heat of air at constant volume.
d, length or thickness of thin walls.

= f (t), pretest prediction of average pressure on front surface.
= I 05(t), pretest prediction of average pres~ ir-’ on front surface during pseudo-steady-state phase of loading.

H, height.
‘DY. diffraction impulse.
‘DYC, computed diffraction impulse.
I DYlL, measured diffraction Impulse.
‘pa, impulse of side-on pressure curve.
Ip,,r/pq(O) t , reduced side-on Impulse.
‘~ ,pd(°)/IDopo(O), ratio of drag impulse to side on impulse.
IDO, drag impulse.
1~oc, computed drag impulse.
IDo/pd(O) ~t , reduced drag impulse.
1Tc, computed total impulse.
‘TM. measured total Impulse.
L, Length of structure in direction of flow.
lo = 4,(t), pretest prediction for average pressure on underside.

__________ 
1- - ~~~-~~~~-

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



lo~ 
= L~ (t), pretest prediction for average pressure on underside dur ing pseudo-steady-

state phase of loading.
n = build-up coefficient on rear surface, i.e., coeffIcient of S/U.
P0, atmospheric pressure (standar d pressure at sea level is 14.7 psI; standard pressure - 

-

at test site is 13.2 psi).
P1, total absolute prebsure.
Pt, peak pressure in a channel.
P5, absolute pressure behind rarefaction wave.
p,,, p0(t), side-on pressure.
p,,(O), value of side-on pressure at time t 0.
Pd’ pd ( t) , free-stream dynamic head or free stream drag pressure.
Pm, peak underside pressure on elevated structures.
R•., absolute reflected pressure. L
Pr ’ instantaneous reflected pressure (normal).
Prc ’ instant aneous reflected pressure (re-entrant corner) .
Pro , instantaneous reflected pressure (oblique).

local incident side-on pressure.
Q, obUque reflect ed pressure on oblique surfaces.
q, measured dynamic pressure.

r i (t) ,  pretest prediction of average pressure on underside of eaves. —

= rj 5(t) , pretest prediction of average pressure on underside of eaves during pseudo-
steady-state phase of loading.

r 0 = r0(t) , pretest prediction of average pressure on roof (top surfaces). - :  
-

r os = r 03(t), pretest prediction of average pressure on roof during pseudo-steady-state
phase of loading.

s = s(t), average pressure on side surfaces.
S, clearing or build-up distance on front or rear surfaces.
S’, clearing or build-up distance on front or rear surfaces of elevated items.
t , time.
t a, build-up time on front .
to, duration of first positive phase.
t rise, finite rise time of a compression wave.
t~ , duration of diffraction phase. 4
U , velocity of shock front .
u , flow velocit y behind shock front .
U 1, particle velocity behind the transmitted shock In the narrow portion of a restricted

channel.
W , width.
W

I
, W 1, W~, W3, dimensions on special Structure 3.lq.

a, angle at which incident shock wave strikes ground.
ae, limiting angle of incidence for regular reflection. 

S

~ and y, quantities used to compute diffraction impulse graphically.
~ H, elevation of structure above ground .
~~, distance between pairs of thin walls.
9 , angle of surface orientation , i.e., angle between shock front and structure surface (in

a horizontal plane).
E, shock strength.
Et.  transmitted shock strengt h in narrow portion of a restricted channel.
E., reflected shock strength.
E r , shock strength of shock reflected in upstream direction away from narrow portion of

a restricted channel.
~~°, local incident shock strength.
p, density.
p(t) , density as a function of time t.
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V, vortex activity.
9BA, BB, FE , etc., denote free stream gage reading, Shot 9.
1OBA , BB, BE , etc., denote free stream reading, Shot 10.
F, F(t), measured average pressure on front surface.
B, B(t) , measured average on back (rear) surface.
R, R(t), measured average pressure on roof (top) surface.
N, N(t), net horizontal load obtained from measured average pressures on front and back

surfaces.

hi H.
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