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PREFACE

The USAF-ASEE Summer Faculty Research Program was begun in 1975
with twenty-two members of engineering and science faculties from colleges
and universities throughout the country. These professors were assigned
to various USAF research laboratories at Wright-Patterson AFB and Eglin
AFB for a ten-week period of concentrated research in their selected
field and of mutual interest and benefit to the participant (and his
university) and the USAF. In 1976, this program was expanded to a total
of fifty-three faculty participants assigned to all Air Force Systems
Command laboratories. In 1977, the number of participants was expanded
to seventy-eight professors.

The basic program objectives are:

(1) To provide scientific and technological benefits to the USAF
while enhancing the research interests and capabilities of
engineering educators.

(2) To stimulate continuing relations among participating faculty
members and their professional peers at the AFSC laboratories.

(3) To form the basis for continuing research of interest to the
Air Force at the participant's institution.

(4) To sponsor research in areas of mutual interest to the USAF,
the faculty member, and his institution.

The program is conducted under contracts with Auburn University and
Ohio State University. The American Society for Engineering Education is
co-sponsor of the program.

This document is a compilation of the reports written by participants
assigned to laboratories other than Wright-Patterson Air Force Base
(Auburn University contract). Mr. J. Fred 0'Brien, Jr., Project Director,
has exercised certain administrative prerogatives to produce this report.

Simi lar documentation for the 1975 and 1976 research efforts are
on file in the Defense Documentation Center in Washington, D. C. under
the following numbers:

1975 Research Reports ADA031017
1976 Research Reports ADA033822

The Appendix (in Volume II of this report) contains an index of the . <.,

1975 and 1976 research reports. DDC Buff Section 0|
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LIVABILITY AS APPLIED
TO AIR FORCE BASES

by
Harry H. Caldwell
ABSTRACT

The Air Base has numerous parallels to the isolated small
company town and surrounding communities proximate resort,
construction or boom towns. Small towns permit little privacy,
or extremes, have a strong sense of community,and show great
interest and concern about morality, behavior, and local
competitive sports.

There are significant differences between the civilian
Quality of Life (QOL) concept and livability as applied to the
military as some elements do not fit and others are provided.
The Air Force is committed to improve livability and has an
impressive performance record though wants are insatiable.

Bases have many functions that influence livability. BCE
has a special role in dealing with built environments. The
base commander, social action, chaplain, advisory councils,
legal groups and the Hospital handle other facets - but without
common goals. Livability perceptions vary between individuals
and with a person over time. They are comparative to prior
experiences and it is easier to upgrade than downgrade elements
of comfort, convenience and privacy. With more off base housing,
job attitudes, commuting and regular work hours, there has been
a decline in the sense of community.

Detailed livability indices for base housing and working
environments vary with housing types and work units and create
unwieldy numbers of entities. Livability should be regarded as
a people sensitive dimension of comprehensive planning and
decision makers should weigh livability considerations against
readiness, mission effectiveness and productivity.
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INTRODUCTION

The U.S. Air Force has a long history of concerns for
livability. Numerous programs, benefits and facilities have
been provided. Most of these are service wide or even multi-
service. At the base level many different units address them-
selves to livability questions including the base commander,
his various advisory councils, unit commanders,first sergeants
andactually all supervisors are asked to be sensitive to the
individual needs and aspirations of people in their unit - both
military and civilian.

Historically, the cliche that evolved to accommodate
complaints of inequity or insensitivity was to '"tell it to the
chaplain,'" a route still popular as it provides for privileged
information and confidentiality. The other traditional outlet
was the Inspector General. There are responses possible through
Human Relations, Social Action and at the Hospital for mental
as well as physical health concerns.

Base Civil Engineering has a major livability role in the
design and location of structures and facilities including
commissary, housing, work areas, BX, streets, traffic flow,
laundry, heating, cooling, maintenance, solid wastes, sewer
and mortuary affairs. Educational services, billeting, recre-
ation and library facilities, programs and opportunities enrich
or detract from the base livability.

Regulations impacting livability range from those of the
unit commander up to the Office of Secretary of Defense and even
Congress which establishes control by funding selectively and
with stipulations or conditions. Administrative interpretations
and attitudes of these regulations are critical.

The Air Force provides well for its military personnel and
dependents with medical care including births, child care, youth
centers, housing facilities and allowances, annual and sick
leave, commissary system, educational opportunities and benefits,
counseling,early retirement, unique retirement privileges, widow
and dependent homes and villages and even burial rights.

However, the priority of livability in the heirarchy of Air
Force goals is unclear. The primary goals are readiness and
mission effectiveness which translates to the most modern
sophisticated equipment in terms of planes, missiles, drones,
armor andrapid global response in conjunction with the other
services. On bases, this places the highest priority on the
runway and a special role for pilots and flight crews.




Secondary goals include livability along with cost effec-
tiveness, productivity, energy and resource conservation,
environmental protection, flexibility, aesthetics, and com-
patible community relations. There are other specific goals
such as increasing the umber of women in the service and in
upgrading of minorities commensurate with their ability and
performance.

It is evident to this aithor that the secondary goals have
not been prioritized and that many supervisors are not certain
which ones should receive lip service, token sipport, or full
compliance. Despite proclamations, posters,notices, and
memoranda, practices on specific bases do not transmit the same
priority message. This results in reduced credibility - internally
and externally, a reduced sense of community or pride in the
service, more self centered behavior, and less willingness to
make personal or family sacrifices to the mission. In recent
years there were improvement in the pay structure and financial
incentives provided for reenlistment as the military made the
transition from a draft to volunteer service. Though the intent
was to insure adequate numbers it also enhanced livability though
not necessarily greater productivity, readiness or mission
effectiveness.

At the start of this project it was assumed possible to
quantify and establish separate objective livability index values
for different activities on a base. Housing and work areas were
selected for study, using the local base as a test case.
Literature searches provided rich information about the conditions
that enhance or detract from housing and work livability and ways
to determine satisfaction and dissatisfaction levels. l

Models that apply to a single civilian company were not
transferable to air force bases because working conditions vary
greatly in different support areas, between the mission oriented
and support groups and between civilians and military personnel.
This is a training base and there are large influxes of new
groups in for short stays which further prevents meaningful
quantification. The end result of this search was an analysis
of the components of base work livability but a rejection of the
concept of a separate work livability index.

The housing study raised different questions as it was
immediately restricted to bachelor and family base housing. A
tri-service occupant study of married base housing made in 1972
provided valuable but dated information. Some of this was up-
dated by a 1975 Air Force Housing Study which dealt with some
livability considerations in the original construction and in
subsequent rehabilitation.

Some livability indexing came from the 1972 survey for each
major category of housing such as the Wherry and Capehart units
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which are common to most bases. Other houses builtlty special
appropriated funds since 1963 are base specific and too

- variable in design and construction except for local indexing.
* The process gets more complicated as officer houses tend to

- be larger and to have more closet and storage space than the
housing of enlisted personnel. Though there are some 150,000
units of married base housing, there are at least an equal if
not greater number of married military personnel who live off
the bases and they would not be covered with a housing liv-
ability index. Thus, in family housing as in the work areas,
it was deemed more meaningful to establish guidelines for
identifying livability concerns than to construct separate
quantified evaluations.

|
|
|
]
|
|
]

Bachelor housing has its own sets of variables depending
whether the quarters are old or new, 1, 2 or 3 stories,spacious
1 or cramped, and whether the first sergeant is demanding or
permissive and if the quarters are for permanent staff,
% temporary duty groups, men or women. New bachelor officer
quarters along with the 2 or 3 story enlisted dormitories tend
to favor motel type construction, with external entrances and
little emphasis on communal rooms. These designs favor high
privacy values, and opportunities to individualize rooms but
they work against the unifying sense of a common community. A
tentative bachelor housing livability index system was developed
and is presented.

BASE LIVABILITY AND THE SMALL TOWN MODEL

T T RN T P TR

| This base livability study relates mainly to military

personnel, though civilians are an important segment of every

i base. Military bases do not exist in awacuum and are closely

» associated with surrounding communities that provide housing

I for all the civilian employees, and or many military and their

i dependents. The adjacent areas also provide mny leisure time
pursuits, services, commercial establishments, educational and
cultural opportunities that are shared mutually.

Military bases show numerous parallels to isolated small
towns, expecially the company town where one concern has built
the town, the houses, stores, schools, factory and basic
utilities. The company makes and enforces the rules. The first
priority is profit maximization which is the counterpart of
'readiness' and mission effectiveness. Housing modernization

| ranks well below productivity, and housing restrictions, despite
low rental charges, make home ownership off the property
desirable for many in both situations. Small towns adjacent to

, air bases tend to undergo growth and structural change that

| parallels resort or boom towns. Gradually the adjacent town
tends to move certain functions closer to air bases to shorter
'desire lines' for working commuters, military and civilian, in

— s s ey et e
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regard to housing and retirees with BX, recreation and commissary
privileges. Here, the law of intervening opportunities becomes
operative as the corridor routes from town to base host a
plethora of commercial outlets and billboards.

The following characteristics of small towns may or may
not apply to Air Force bases:

They have a sense of community but little privacy or
individuality. The populace assembles for watermelon feeds,
pancake breakfasts, volunteer fire fighters and interdenomina-
tional churches. Often accused of prejudice and provincialism,
these same shortcomings are found equally in larger cities.
Small towns provide more fusion than friction despite wide
divergences of religion, values and politics. They are more
concerned with morality than with the transmission of wisdom,
truth or knowledge. The latter three may be regarded as less
relevant than the high school football and basketball teams
that provide community drive, motivation and team spirit.

The small town offers a peaceful and @lm environment, but
many young people want something other than peace and calm.
Small towns and even the anti-metropolitan attitude are part of
the American heritage. Many small towns resist growth and are
fearful of change and the influx of new, strange people. Change
is accepted slowly and only certain individuals are accepted as
innovators as part of their status role. In small company towns,
extremes are not tolerated - only moderation. Extremes might
threaten the power structure and produce job loss repercussions.
With the combination of corporate control,paternalism, and a
security orientation, company towns do not tend to mature and
evolve as strong, sound, responsible communities. Instead, they
tend to stagnate in an adolescent role with an undercurrent of
rebellious antagonism. In the company tuwn (base parallel) one
gives up some independence and responsibility for security.

Some small towns have traded their traditional values for
prosperity, tourism and new factories. They run the full gamut
of ski towns, construction towns (boom and bust places),
irrigation, dam, historic and resort towns.

Some start out with great plans and ideals but soon reflect
stereotyped house types, with lawns and flowers transplanted to
the new locations. People who were attracted by the green hills
of an area immediately try o reduce the amount of green. This
is similar to some older base housing areas vhere the trees were
first leveled to build homes and then funds were sought to pro-
vide shrubbery.

Resorts, boom towns and some towns adjacent to military bases
are unstable, plastic places with changing people,jobs and




activities. They are characterized by much manipulation, political
land deals and cultural poverty, as high investment returns is the
primary goal.

There are a number of dynamic considerations in this model
that result in more people choosing to live off the base, to
regard the base as the job location, a place where friends reside,
to regard the commissary as a type of discount supermarket and
only reluctantly return to the base for evening social activities |
‘ at the appropriate club if the commuting time and distance is not
f excessive.

Though some small towns continue to thrive in the United
States, the company town has virtually disappeared except for
those in isolated locations. Further study on the parallels to
air force bases might provide additional behavior and trend
insights.

QUALITY OF LIFE AND BASE LIVABILITY

In the wake of environmental and social alarms in the 1960's
the phrase 'quality of life' surfaced widely with diverse meanings.
From 1968 to 1972 several studies came from individuals,
committees, conferences, EPA Fellows and consulting firms that
sought to define, analyze or quantify quality of life (QOL), and
even rank cities on diverse sets of indicator criteria. While
each approach had a different emphasis reflecting the focus of
the group or their client, there was significant overlap.

The Environmental Studies Division of the Environmental
Protection Agency desired a quantitative Quality of Life Index
to evaluate socio-cultural elements of Environmental Impact
Statements. An elite group of 150 specialists was assembled to
identify thi components and weightfactors in ttrms of their
importance. Though they did not agree upon a quantitative
measuring device, their collective weighting of 47 factors did
produce a quality of life rankin; system (Table I) and the top
11 items are listed. When the 47 factors are grouped into
larger groupings with similar weights, the main categories
were Economic - 32%, Political/Social - 36%, and Environmental -
31%. Environmental concerns were viewed as a group but com-
ponent units did not rank high on this list. A notable ommission
were the psychological stress factors behind urban law and order
concerns.

Several of the highly rated QOL factors either do not apply
to the military (as democratic processes) or else they have been
institutionalized (providing health care). Provisions have been
made for public participation in both the advisory role (advisory
councils) and in adversary situations (social action, Inspector
General).




TABLE 1

i 3UALITY OF LIFE
k 19 anke actors
Democratic Processes
Public Participation
Health
Choices in Life
Housing
Economic Security
Education
Land Use
Living Costs

Economic Opportunity
Ecosystem
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*EPA Conference 1971

] In 1973 another study on Quality of Life? for EPA (Table II)

] established and outlined some different factors as well as

| reporting on the findings in six other QOL studies. Though these

E items were less conceptual than the earlier EPA study, it went

3 beyond perception to identify valid interacting elements. Many

F of these factors are not prime concerns at military installations -
unless there was a local problem. Several base livability con-
cergs were not specifically addressed in these broad spectrum
studies.

E TABLE 1II
MAJOR QUALITY OF LIFE FACTORS - EPA-1973

p I. Economic Environment
| Income
Income Distribution
? Economic Security
Work Satisfaction

II. Social Sector
Family
Community
Social Stability
Physical Security
Culture
Recreation

?
:
!
:




III.

IV.

VI.

Political Environment
Electoral Participation
Non-electoral Participation
Government Responsibility
Civil Liberties
Informed Constituency

Health
Physical
Mental
Nourishment

Physical Environment
Housing
Transportation
Public Services
Material Quality
(goods and services)

Natural Environment
Air and Water Quality
Radiation
Toxicity
Solid Wastes
Noise

From studies, reports, regulations, observations and inter-
views, an unranked 1list of Base Livability Factors have been
tabulated. Some of these factors interconnect with the region
and adjacent communities, others reflect personal values, and

family concerns, spatial components, short and long term elements.

xR

TABLE III

BASE LIVABILITY-1977
Unranked Factors

Housing

Economic Security

Leisure Time Facilities
Educational Opportunities
Physical/Environmental
Advancement Opportunities
Administrative Practices
Rank/Status Consciousness
Personal Acceptance
Privacy

Relative Equity
Meaningful Work

In Commuting Area
Regional Context
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The EPA QOL lists contain broad societal or conceptual

F concerns but the Base Livability 1list focuses on the pplied
living-working-leisure time environments of mlitary personnel.

) If AF civilian employees were considered, there would be concern

. with rights and privileges on the base, commuting time, and

military-civilian relations. Dependents would add items close

to their daily lives.

k Much of the public alarm about Quality of Life subsided

1 with the creation of such institutional responses as the creation
3 of EPA, the passage of the other environmental and social laws,
including the Freedom of Information Act, laws requiring open
meetings, and public participation at various levels. Based on
prior collective behavior patterns in America,institutionalization
ameliorates concerns.

Livability as perceived at military bases is different in
focus and priorities than the broader Quality of Life concerns.

Though traditional tours of duty last 2-3 years, there is
much additional movement tied to special schooling and temporary
duty that creates an atmospher of nomadic transients. This
military mobility is unlike civilian mobility in that it is
involuntary, frequently requires family separation and generally
is accompanied by a mobile environment, creating 'little America
ghettos' overseas intact with Cub Scouts, Barbeques, and a Santa
Claus at the BX.

""Many American families living overseas in American style
housing and ghetto communities pass up priceless opportunities
for involvement in another culture and for enriching experiences."
"To live in a charming tatami-matted, paper-walled, non-heated
house among neighbors who speak only Japanese can be a delight-
ful experience if you choose it; to have it forced on you is
quite another matter. As long as military mobility remains
involuntary, American type communities for those serving overseas
will be a necessity in arder to maintain an acceptable level of
morale."

This identifies another uniquely military dimension of
livability - where the social system is composed of the institu-
tional structures, regulations, administrative practices, and
technological capacities.

LIVABILITY PROBLEMS

___ The casual non-military observer might come to regard
mll}tary livability as a never ending list of wants and benefits
dgrlqg service and after retirement wants are insatiable. Even
within the organization there is some envy generated between
ranks and between civilian employees and the military.




There are military lobbyists and supporters trying to
obtain legislation or rulings to enlarge benefits or to lower
the eligibility barriers to existing benefits. This con-
stitutes one area of livability with a backlash potential.

There is another problem in dealing with livability as
though it were a complete goal in itself instead of one important
dimension in the Comprehensive Planning process that should be

matched to productivity, readiness, mission and cost effectiveness.

Recommendation - that livability considerations be tested to
insure that they will not reduce productivity, mission effec-
tiveness and response capability and that they be cost effective.
The cost effective measure must include the psychological, social,
aethestic benefits and costs as well as traditional economic
measures.

There are still many shortfall areas in livability that can
be resolved with minimal cost provided that planning and decision
making is done in a framework that people and their feelings
matter.

MILITARY LIVABILITY VALUES AND FRAMEWORKS

In their award winning paper, Henriksen and Vest, defined
livability as '"the total of all the physical, administrative,
regulatory and socio-environmental events or circumstances that
the individual encounters in the course of his or her daily life."

The main omission is in the opening phrase ''the perception
of the impact on the individual, family and friends, of etc."
A livability index represents the congruence or gap between some
ideal set of conditions and the immediate conditions that they
perceive in their place and situation.

The difficulty in indexing is that the evaluation comes from
a frame of reference established through prior experience in
previous environments. If the experience at basic training is
spartan and demanding, it establishes the first reference frame
for military livability. It is easy to accept upgraded quarters
and facilities but difficult to accept more austere conditions
except at remote posts or for short periods. This leads to a
recommended progression of upgraded facilities during a tour of
duty probably geared to the number of years in service rather
than by rank or family size. If this is not feasible, then
basic training posts and first assignments should provide com-
fortable but more sparse accommodations than the norm for the
service.

In seeking the common denominators used in livability per-
ception frameworks, the items in Table IV seem most significant.
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TABLEIIV
PERCEPTION FRAMEWORK INGREDIENTS

Rumor and Hearsay from Peer Groups
Impacts on Family Life

Sense of Acceptance (self and dependents)
Perceived and Judged Physical Environment
Comfort and Convenience

Work and Housing Satisfactions

Sense of Personal Growth

Several Types of Privacy

Reliability and Trust in Supervisors
and Institution

Institutional Loyalty or Sense of Community
Ingredients with special roles are described in additional detail.

Comfort and Convenience include physiological, psychological
and social needs. These are escalating values that reflect peer
group pressures, technology, promotional alvertising, and middle
and upper class civilian comparisons, all set in the world of
rising comfort expectations. At isolated posts and in emergency
or temporary conditions, individuals seem willing to endure
lower comforts. Selected groups, individuals, and periodically
total societies will voluntarily accept less comfort and conve-
nience when highly motivated by personal and social commitment to
social, religious, political, economic or even ecologic goals.
Over long time periods, defections surface and the movement toward
comforts and conveniences is reestablished. Comfort and conve-
nience can be indexed from satisfaction/dissatisfaction levels
using comparative data as was done in the 1972 occupant survey
of military housing.

Another ingredient is a Sense of Community, an extension of

the common Air Force goal, a type of extended family, the sense

of a career, or a calling in which the military and their families
feel a strong sense of obligation, commitment and acceptance.
During World War II and in the Korean conflict, the sense of
community was quite visible and still exists amongst senior
personnel that have known the feeling that develops under combat
conditions or in the sharing of a meaningful mission role in
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remote duty locations. Some structural and administrative
changes designed to improve aspects of livability have proven
damaging to the sense of community.

Increased salaries, bonuses for reenlistment, and the
increased popularity of off base housing for married and bachelor
military, increased privacy and individualization,along with the
near demise of basic training, and the end of open bay barracks,
result in a decreased sense of community. This change accelerates
the move to regard the service more along job or occupational lines.

A sense of equitable treatment, acceptance by one's peers,
neighbors and the community and opportunities for individual
differences and variety are additional important values.

Another frequently cited though not fully appreciated concept
are the numerous elements involved in privacy. Privacy is an
interpersonal boundary control process. It involves selective
control, the opening and closing of the self or groups to and
from others. It may involve the physical self or emotions or
feelings. It may be visual, accoustical emotional or informa-
tional. Most common is the notion of Solitude - to be alone and
free from observation by others. Equally important is Intimac
as in the separation of a small group (husband-wife) from others.
Anonymity as being '"lost in a crowd'" and not being recognized
is another form of privacy as is Reserve - in the form of a
psychological barrier against unwanted Intrusion.® The use of
headphones with stereo sets, TVs, etc., represents accoustical
privacy.

The functions of privacy vary with the individual and situation.
It produces personal autonomy which relates to opportunities for
concentration, self-independence, self reliance and self identity.
It may also provide an emotional release - or relaxation from
social roles, to be "off stage” and to deviate from rules, customs,
traditions and norms in a protected fashion. It provides an
atmosphere for self evaluation, integration of experiences, con-
templation and the opportunity to plan and assess future actions.
In designing work environments spaces for limited and protected
communication are needed to share confidences with individuals

or small groups (i.e., supervisor discussions).

Privacy is a continually changing process with needs that
vary hourly, daily, seasonally and during one's life and which
reflect changing sensitivity dependent upon personal histories
and cultural backgrounds.

As one seeks pragmatic privacy approaches to livability,
the interface between privacy and a sense of community or
acceptance emerges. It is derived from comparing achieved privacy
with desired privacy, the latter being the ideal state perceived




by individuals or groups concerning social interaction. When
achieved privacy is less than desired privacy, the result is
intrusion or invasion of privacy. When achieved privacy is
greater than desired privacy the results may be called foredom,
loneliness, social i1solation or alienation. There are parallels
in desired and achieved livability.

The techniques people use to implement their desired levels
of privacy are verbal, paraverbal, behavior, nonverbal body
language, environmental behaviors and cultural norms - all
functioning as an integrated system. A head nod, smile and verbal
praise may be used in onjunction and complement each other to
indicate strong agreement. The open door, drapes, raised window
shade, extra office chairs and open desk arrangement may say
welcome and that privacy barriers are low. However, that day or
week the individual may £el the need for considerable privacy
this confuses the outsider because the different privacy mechanisms
are not giving the same message.

The inability to maintain interpersonal privacy boundaries
can produce certain costs - expressed as physical work-effort-
stress, psychological energy expenditures stress, tension and
anxiety.

Continued invasions of privacy may endanger personal autonomy,
self-respect and dignity. In the process it reduces a person's
functional efficiency.

PERCEPTION DYNAMICS

Individuals perceive livability changes differently with
maturity, sex, family status, critical ages in children, experience
and with changing interests in group activities compared to the
importance of privacy.

Interest in personal acceptance and recognition by peer groups
to a first termer is higher than with senior NCOs. Livability for
the first termers at basic training hinges upon the ability of
the individual to adjust to his or her environment after leaving
the home. Bachelor restrictions are also perceived differently
by the teenage airman than by older bachelor airmen who had pre-
viously been married.

Another aspect of one's perception of livability is illustrated
by the scenario of a satisfied and happy married airman or officer
at a sunbelt beach base who receives orders for Minot, ND, about
which he knows little other than tall tales (which might be true)
and the fact that it is reputed to have low physical %ivability.

In checking with others he is subject either to new rumors,
generally negative, or to a '"true" report of a colleague who was
there briefly on TDY in February and who is more than willing to
share his few facts and second hand knowledge.
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The next step is to muster positive enthusiasm to break
the word to his wife, who is easily influenced by negative
rumors in their already shaky marriage and to their teenage
daughter, just selected for next year's cheerleader role, and
their son who was standby quarterback to a senior last year at
high school.

The situation comedy could easily be perceived as a dis-
criminatory tragedy by individual family members and it might
encourage some senior people to leave the military service. In
truth, feedback studies at Minot show a high rating for social
livability despite a physical environment with ffw amenities.

There is a popular belief that livability is subjective and
cannot be quantified. This report holds that is is quantifiable
and that military individuals and families already make these
judgments. Many use a type of index system before moves, upon
arrival, and several years later when readying for departure.

For some, it approaches a numerical system (see Airman, March 1977,
inside cover story) and it can be used to compare changes in a
single base over time or concurrently with asries of bases in a
region.

Unfortunately, arbitrary administrative decisions,political
factors, adverse community reactions or stressful environmental
conditions can seriously lower base livability and start a series
of stories moving through the service that may circulate long after
the causative factors are gone or resolved.

FAMILY BASE HOUSING LIVABILITY

Early family housing on bases was for senior officers and
their families. They were generally large homes and later,
smaller units, frequently of brick veneer construction, were
added to the small housing cluster. The min expansion took
place after WW II, under legislation sponsored by Senators Wherry
of Nebraska and Capehart of Indiana. Respective housing clusters
constructed on bases were named after the sponsors.

Since 1963, new married housingwas authorized by Congress
on a project by project basis and these are identified as
Appropriated Fund housing. Some were with Title I funds, and
since 1973 a number were constructed by local contractors as
turnkey housing.

In response to a request by congressional sub-committee the
three services undertook an occupant opinion survey in 1972.
The Air Force and Navy questionnaire focused on structural details
and comfort preferences. The Army questionnaire sought to identify
which structural variations should reflect different environments,
reasons for living on and off the base, street arrangements, visual
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privacy, audio privacy, comparions of military and dvilian
shopping centers, role of Officer and NCO Clubs, libraries, day
care centers and even preferences for diverse house exteriors
and roof types.

Greatest user satisfaction was shown with Gpehart housing
and least was for Wherry housing.

The most desired improvements

for all housing, ranked in order, were (1) central air conditioning
(2) fenced in yards and (3) a 1/2 bath on the first floor of
second floor uiits.

Occupants of Wherry housing listed sound-

TABLE V

FAMILY BASE HOUSING - SPRING 1975

150,000 UNITS

proofing and the need for more interior bulk storage along with
air conditioning as their top three priorities.

A 1975 Air Force Housing Study done for AFCEC, Phase II,
updated and evaluated family housing to spring 1975. Some of
its findings appear in Table V.

PERIOD 1950-55 1956-63 1963-1973 1974-1975
NAME Wherry Capehart Appropriated + Appropriated +
Title I Turnkey
TYPES S.F.Det, S.F.Det, S.Flet, S.F.Det,
Dupl, Dupl Dupl, row Dupl, row
Apts
AVERAGE SIZE 900 sq ft 1100 sq ft 1250 sq ft 1370 sq ft
UNIT COST $10,000 $16,800 $17,500 - $30,000
$27,500
; No./$% 27,000/ 55,000/37% 60,600/40% 7,400/5%
18%
QUALITY Marginal Better design Acceptable but Generally marginal
§ construction much variance but variable
in projects

Despite numerous complaints and suggested improvements from
questionnaire respondents, over 50% of the airmen surveyed in
1972 and 63% of the officers were satisfied to very satisfied with
their base housing. At the other end of the spectrum 27% of the
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airmen were dissatisfied to very dissatisfied compared to 21%
for the officers. The dissatisfaction levels with Wherry hous-
ing ran 12 percentage points higher for both officers and
airmen.

In the housing rehabilitation program that started in 1974
the objectives were to upgrade the functional and physical
quality of the Wherry units to a level commensurate with the
Capehart houses in order to gain increased occupant satisfaction
and raise morale. The Building Technology - 1975 study,
(Section II-6) felt that the rehabilitation program was heading
in the right direction but that it did not show proper coordina-
tion and management. It decried the lack of professional design
imagination, the lack of design professionals, and the lack of
site planning. Though Mr. Meredith at Hq USAF/PRE states,

'""We must provide Air Force people with the conveniences of

life as the civilian sector does for its people,''there is little
follow-up and aesthetics and site planning were sacrificed in
the rehabilitation effort.

Another independent study of the Air brce Base Housing,
completed by the Environmental Planning Institute and submitted
on 6 February 1976, states, ''the environment provided by the

"rehabilitated dwelling units rates very poorly in terms of

livability" and that it is '"not producing a living environment
comparable to the private sector." It also attributes part of
the shortfall to ignoring the necessary amenities within the
site planning. New base family housing tends to be improving
despite these rehabilitation problems because of more square
footage and design improvements. The a&ssigning of priorities
in the remodeling effort is largely based on DoD Instruction
Sheet 4165.45, dated 19 January 1972 which set the guidelines
to be followed.

There are still numerous problems in Base Housing that affect
livability including the following:

o People in older and smaller housing feel dis-
advantaged compared to those in newer,larger housing
and tend to regard it as a financial inequity

o People in colder climates indicate that garages
are needed rather than carports

o BCE groups note that many homes with garages tend
to use them for storage and then park their cars on the
streets

o People have strong feelings that favor interior
pedestrian and bicycle paths connecting homes to schools
to avoid using arterials




o Shortages of interior and exterior storage

o Too little visual privacy between adjacent or
facing homes

o Too little accoustical privacy
o A feeling of excessive regimentation

Military families have special incentives for acquisitions.
With overseas duty, new cultural exposures and the movement of
household goods by the government, storage will always be in
short supply.

Extensive literature searches on housing identified a
variety of factors from the givilian world but only a few are
selected because of their immediate application to base housing.

o Fences and hedges- are perceived as discouraging
unwanted guests.

o Without assigned territory (lot lines or yard
allocation for upstairs-downstairs duplexes) there is
little sense of privacy and it discourages plan making
and execution as well as identity.

- o People tend to become friends with their nearest
neighbors, especially if they have young children who
play together.

o Friendships between close neighbors is more
important for women than for men especially in me car
families or where there is no bus service.

o The desire to move is based on the present level
of satisfaction (push factor) compared to the preceived
level of satisfaction to be attained elsewhere (pull
factor). The gap between the two represents ''stress."

BACHELOR HOUSING

At one time all bachelors lived in barracks or in the BOQ.
Now, officers with the rank of captain or above may draw
allowances and live off base. Single enlisted and junior officers
are permitted to live off base without allowances. Some choose
this for greater freedom and privacy. Higher grade officers stay
at the BOQ temporarily or because they dislike commuting and
prefer to be closer to their work and certain base facilities.
Enlisted quarters are dominated by first or second term airmen
and women, usually in different buildings or in separate wings
of the same structure. The tendency to segregate men and women
is a relict behavior pattern.
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To grasp livability concerns in bachelor quarters visits i
to individual rooms and day rooms were made in the company of !
billeting officers, first sergeants or their representatives
to observe bedrooms, day rooms, layouts, acquisitions, and
storage facilities and to interview individuals and supervisors. i
A second visit, with a base photographer,resulted in a narrative !
and slide materials which were turned over to the head of the
Environmental Planning Directorate.

The slides were taken to show problems of interior and
exterior storage, the high entry privacy but low window privacy,
attempts to achieve individualization and privacy in rooms by
dividers, scheduling, and the use of headsets for accoustical
privacy.

Other elements noted were storage or security problems with
hibachis, bicycles and motorcycles, the growing use of plants,
the popularity of stereo sets with up to eight speakers in a
two person room, tapedecks, record players and personal television
sets instead of just one in the day room.

e T AT 7 ] % PRy Tt AT e N S < AR

The minimum square footage per person in bachelor airman .
quarters is spelled out in several DoD and AF regulations. The I
Air Force reluctantly maintains a maximum of two persons per i
room because of pressures from Congress and other services that f
require three or four persons per room. In a few instances basic |
trainees may still live in open bay barracks - a situation that :
fosters a sense of community, necessary for new recruits despite I
the lack of privacy. !

!

The,older one story dormitories have more square footage per
individual than the newer two and three story buildings. This i
occurs at a time when airmen, reflecting the rest of society, i
acquire many new leisure time oriented items such as stereo sets, i
tape decks, bicycles or motorcycles, TV sets, coffee makers, i
books, plants, etc. ;

All officer's quarters seen and almost every airman's room
visited had a refrigerator. Many contained beverages, crackers
or other sweets that would attract roaches yet toasters were
prohibited on the grounds that it constituted food preparation
and might attract roaches. Another objection was raised on the
grounds of energy consumption but this question was mt raised
concerning the other electrical appliances.

Several questions raised as a result of this field excursion
were:

o Should bachelor housing move to minimum square
footages when life styles involve numerous leisure time
acquisitions?
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o Why enlarge family units while retaining minimum
size bachelor quarters?

o Should external rental storage facilities be built
on bases for bicycles, motorcycles or smaller items?

o Should special provisions be designed to accommodate
bicycles and nmotorcycles?

o Should electric meters be installed and charges
made to encourage energy conservation?

o Should more area be provided for second termers
assuming more time to acquire possessions?

o Should rooms retain double accupancy for first
termers that convert to single rooms for second and third
termers on a space available basis?

Other questions that produce or will produce dormitory protlems
are the seeming parental concern for morality by inspections, hours
for women, prohibiting overnight guests of the opposite sex, and
the introduced inequity from more liberal square footage allowances,
shower doors and kitchen privileges for women. Many of these
issues were resolved since 1972 in college dormitories but they
remain irritants in the military.

Using a framework of comfort, sense of community, convenience,
privacy and opportunities for individualization,6 a livability index
grading system was prepared to be applied to bachelor dormitories
(Table VI) based on a maximum 5-point system but evaluated by a
joint team representing the Base Civil Engineering staff, the
billeting office and occupants. Individual variations can be
made to increase relevance to a specific type of building on a
particular base and then evaluated against readiness, livability
and productivity.

TABLE VI
LIVABILITY INDEX - BACHELOR HOUSING
Full compliance - 5 points: fewer points with partial compliance.

o Design appropriate to region and site

o Senior officer or Dormitory Chief maintains
standard of cleanliness, noise, personal
conduct that respects rights and privacy of
all accupants

Rooms and halls - carpeted,soundproofed
Areas provided for guests and group interaction ]
Provisions for privacy and personal space
Billeting office and users encouraged to provide
feedback on design, maintenance, administrative
practices

0000
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Occupants encouraged to improve room decor
Contains some moveable furniture

Variety and mrmony in colors, drapes,carpets
Internal and external storage

Nearby picnic and hibachi areas

Phones on each floor

Windows for outside contact

Occupants perceive low density

Sense of community encourages

O0O0OO0OODO0ODOO0OO

In a 1969 study, white college administrators were asked
what they thought the goal and purpose of a dormitory should be.
They listed togetherness, intimacy, and informal life style.

In response to the same question, students indicated that they
wanted privacy. There is value in pursuing this question within
the military to match perceptions between users, administrators
and the designers.

WORK LIVABILITY

For some the objective is less work, shorter hours, more
people to share the work, ever increasing benefits, more dis-
posable income, faster advancement and more discretionary
leisure time. The ultimate for them is no work. However, most
people in America are still committed to a personal work ethic.
They want something worthwhile to do, clear work goals, resource
choices, feedback, an opportunity to communicate with the rest
of the system, more training and responsibility,visibi%ity,
recognition and the opportunity to build a reputation.

The prescription to work remains high. Americans want
increasing pleasures and satisfactions and a sense of worth
from work, matching the evolution of rising expectations in
housing and the opportunity to acquire more scurity, goods,
services and experiences.

The work design for a military organization is for total
effectiveness during wartime operations. Peacetime creates
problems in keeping up work morale and in producing a positive
feeling of capabilities, accomplishament and public service.
At Air Force bases, there seems to be a difference between the
top priority flight line operations and lower priority support
functions.

In the civilian industrial section, some work livability
indexes have been based on (1) productivity (2) worker turnover
(3) absenteeism (rates, and patterns by subunits) (4) quality of
the workmanship and (5) job satisfaction.




The principles behind these factors also apply to military
installations but work indexing an entire base would not be
meaningful.

Indexing is complicated by the civilian-military mix, the
airman, NCO, junior and senior officer mix in a rank and job rated
environment, seemingly excessive military turnover for training
and reassignment, and changing interpersonal relations that never
seem to stablize. There is concern about getting clear goals and
subgoals, fragmentation of work assignments and responsibilities.

If questionnaires and personal observations at four air bases
are valid, it appears that many feel that only limited job
satisfaction, that productivity varies greatly between buildings,
offices and functions, that significant numbers of married
enlisted personnel who live off base moonlight at second civilian
jobs, that many regard it to be more important to arrive for work
on time and to be present the entire day than to point to signif-
icant daily work accomplishments, that the main work objectives
are high personal ratings and to be ready in case of an emergency.

WORK AREAS AND CROWDING

A common work complaint in support areas is that of crowding,
expecially if other individuals or units seem to operate with a
larger square footage. Probably more disturbing than the sense
of shrinking space, is the possible related self image of shrink-
ing importance and the new interpersonal relationships that have
to be established and resolved by open work areas, partitions,
audio and visual privacy mechanisms,and finally, satisfactory
clarification of the status heirarchy role with the new intruder(s).
It is not unusual for operations, at least on a cyclical pattern,
to be in a state of turmoil because of realignments, mission
changes, endless reorganizations, space relocations, new temporary
people, in or away on short stays, leaves, etc. Several studies
indicate that people working in more crowded space develop
adaptive behaviors and that the crowding merely intensifies
normal reactions. Carpeting, light, and other atmosphere con-
trols can help offset crowding problems. Creative and high
concentration activities require more privacy and quieter
environments.

Once physical comforts are provided aad job roles clearly
established, the major elements that lead to alienation, boredom,
depression, loss of interest and dissatisfaction are keyed to
monotony, confused personal goals, and interpersonal relations
on the job. In this environment, minor work-related irritations
grow with time and the work arenas are used for venting hostilities
generated in non work environments - such as domestic, social,
financial, alcohol, commuting, children, cars and parking.
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3 Conversely work problems maybe vented at home or recreation type
pursuits. Supervisors are expected to be sensitive to detect
problems, to listen or refer personnel to helping units.
However, supervisors may not recognize when they, themselves,

] have the problems.

1 Based on numerous polls, workers want '"meaningful work"

‘ ahead of higher pay, more benefits, new facilities, shorter hours,
promotion and job security. This finding is in direct conflict
with conventional wisdom which has long held that increased pay
and benefits are uppermost in the minds of most job holders. The
key to a better workplace is in the job itself. Despite more
benefits and money, a "dumb" job is still a 'tumb" job.

Goals and guidelines should aim to:

1. create opportunities for pople to use their =inds
and training on the job.

2. replace heavy handed bossing with greater individual
responsibility for getting the job done.

3. invite employees at all levels to provide feedback
to the decision making process.

4. convince employees that you value their good
recommendations by fighting for them at the next higher eschelon
of authority.

S. allow individuals greater control over their time
as long as it insures greater or equal productivity.

6. redesign, eliminate or consolidate jobs that have
become monotonous and meaningless.

7. 1insure reasonable treatment that reflects human
respect, recognizes individual needs, aspirations and capabilities

8. advocate the support services for civilians as well
as military that reduces stresses and increases job efficiency.

The paternalistic attitude evident toward bachelors in
housing has only minor residual carryovers to the work environ-
ment. Excuses from work to transport immediate family members
for medical appointments or to airports are generally approved
pro forma but only with reservation were it to apply to boy
friend or girl friend situations.

There is an interface between work, recreation and physical
fitness. Military individuals in sedentary work assignments are
also expected to meet selected minimal service wide physical
fitness standards as a basis for retention in the service.
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Obesity is a major cause for failures, yet base after base
spawns hundreds of vending machines in work areas specializing
in high calorie, low nutritional items dominated by the
ubiquitous pop machine. Snack bars favor food high in
chloresterol - bacon, sausage, eggs, and even whole milk are
standard fare. No serious effort seems evident to support a
health and nutritional concern that matches that of physical
fitness. Therefore a major objective in recreation programs
and facilities is to recreate the physical fitness that other
actions tend to undo. Isn't nutritional training as important
as human relations?

There is no single approach in the way individuals view
their specific work assignment. The pilots convey a feeling
of enjoyment and satisfaction though not always with specific
flight destinations, early morning training flights nor the
extended departures from their families. The further one
departs from the flight line, the more the work seems to be
regarded of lesser importance, like just smmother government
agency job and less like a military career or calling.
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SUMMARY AND CONCLUSIONS

Livability is still popularly perceived to be either (a) a
subjective highly personalized value system, (b) more justifiable
benefits for "us'" but not for others, and (c) a '"buzz" word to
be used for current or future gains tied to more leisure time
options, better housing, less work and fewer responsibilities.

This study has shown a number of common elements in base
livability especially.in housing and work areas despite pro-
nounced differences between treatment of bachelors and married
personnel, on and off base restrictions, flight line and support
groups, civilian and military personnel.

Individuals and groups are always mking comparative mental
livability indexes. More objective means are possible and need
development.

The Air Force provides important livability benefits that
help attract men and women to service careers. Second generation
Air Force families provide positive hard test measures of per-
ceived livability and desirability.

Livability is an important people sensitive consideration
in all operational and planning processes and it involves many
groups on a base. It should be incorporated in comprehensive
planning but be carefully weighed against other Air Force
objectives including readiness, productivity, a sense of
community and mission effectiveness.

In hindsight the study recognized that livability has
several measurable components and that leisure time activity
options, the physical environment, housing and work areas are
key ingredients. Though individual livability is comparative
to prior personal experiences, collective group perceptions
of base livability can be measured indirectly by reenlistment
rates, complaints, requests for transfers to or from specific
bases, and several key attitudinal elements. Livability varies
between bases, domestic and foreign, probably between commands
and it may vary with the size and distance of nearby cities and
the nature and variety of physical environmental options.

These last named items are recommended for further study.
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ABSTRACT

Nondestructive Pavement Evaluation
by

B. M. Das

Research works have been in progress for about ten
years to develop a compatible pavement evaluation procedure
for airfields based on nondestructive tests. A successful
nondestructive pavement evaluation technique will reduce the
time of closure of various airfield facilities which is
needed to conduct destructive test required for conventional
pavement evaluation.

This study provides a comparison of projected pavement
lives of several airfield features estimated by nondestructive
and destructive pavement evaluation procedures. For aircraft
and gross load on similar pavement section, the nondestructive
evaluation procedure yields higher number of allowable
operations as compared to that obtained by the destructive
test evaluation technique. The wide variations may be due
to inaccurate estimation of the elastic modulus of subgrade.
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NOMENCLATURE

AGL Allowable gross load

a The ratio of Rayleigh wave velocity to

shear wave velocity

d Distance between compared accelerometers
E Young's modulus

ECor Corrected Young's modulus

f Flexural strength of concrete
G Shear modulus

g Acceleration due to gravity
GI Aircraft group index

PI Plasticity index
P/C Pass-per-coverage ratio

Sy Degree of saturation

t Tensile strength of concrete
T Thickness of a pavement layer
v Phase velocity

VR Rayleigh wave velocity

Vg Shear wave velocity

Y Unit weight of material

¢ Phase angle

A Wave length

é v Poisson's ratio
]
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INTRODUCTION

One of the important responsibilities of the Air Force
Civil Engineering Center is to evaluate the load carrying
capacities and the remaining service lives of airfield
pavements. The pavement evaluation procedure presently
adopted requires destructive testing. This requires the
closure of runways and taxiways for extended periods of time
for completion of the in-situ tests and collection of
samples for laboratory testing.

In order to improve the airfield pavement evaluation
technique, the Air Force has been involved in developing a
compatible nondestructive test procedure since 1967. The
essence of this program is based on determination of the
elastic properties i.e. shear modulus and Young's modulus of
each of the layers which constitute a given pavement section
by means of vibratory testing. Subsequently, by using these
results a computerized structural analysis is made to determine
the allowable number of prefailure operations for a given
aircraft in that section of the airfield pavement. A historical
review of the nondestructive pavement evaluation procedure
has been presented by Nielsen and Baird (Ref 1). The present
state-of-the-art for this technique has reached a considerable
degree of sophistication.

The purpose of the present study is to compare the
projected pavement life of various features of some airfields
obtained from the analysis of destructive tests with that
obtained from the analysis of nondestructive tests.

PAVEMENT EVALUATION PROCEDURE BASED ON DESTRUCTIVE TESTS

This is the present technique for evaluation of the
allowable gross loadings for airfield pavement features. The
procedure for evaluation of flexible and rigid pavements are
given in Refs. 2 and 3 respectively. For evaluation purposes,
various aircrafts are placed under a number of group indices
(GI) as shown in table 1. This classification is based on
the number of wheels, wheel configurations and tire contact
areas of the aircraft. For any given airfield feature, the
pavement evaluation study yields an estimate of the allowable

gross loads (AGL) for each of the group indices under operational

categories such as capacity, full, minimum and emergency.

The operation categories mentioned above are based on the
coverage levels given in table 2. By definition, a coverage
is said to occur when all points of the pavement surface
within the traffic lane have been subjected to one application
of maximum stress by the design aircraft.
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The important field results needed for determination of
AGLs for a given section of airfield are given below.

(a) Flexible pavement:

(i) Thickness of each layer constituting the
pavement section and

(ii) CBR values of all soil layers

(b) Rigid Pavement:

(i) Thickness of the layers of the pavement
section

(ii) Flexural strength of Portland cement concrete
surface layer and

(iii) The modulus of subgrade reaction of underlying
layers.
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TABLE 2

COVERAGES FOR VARIOUS AIRCRAFT
OPERATION CATEGORIES

Number of Coverages

Operation Channelized Nonchannelized
Category Section Section
Capacity 25,000 for all 5,000

aircraft except B-52;
10,000 for B-52

Full 5000 1,000
Minimum 1000 200
Emergency 200 40

PAVEMENT EVALUATION PROCEDURE BASED ON NONDESTRUCTIVE TESTS

The nondestructive pavement tests used for evaluation
purposes in this study were conducted with the type of
equipment developed at Civil Engineering Research Facility,
University of New Mexico. All the components of the test
equipment are placed in a van 8 ft wide and 35 ft long. For
the nondestructive tests, a dynamic load of 1000 1lb. which
can be varied sinusoidally is applied by a vibrator on the
surface of the pavement and frequency sweep between 10Hz to
3500 Hz is conducted. The vertical acceleration of the
pavement at selected distances from the applied load is
measured by accelerometers which are epoxied to the surface
of the pavement. A phase computer is used to determine the
phase angle from the signals recorded between any two
accelerometers.

The phase angle/frequency plots obtained from field
tests are then reduced to obtain plottings of wave length
against phase velocity which are referred to as the
dispersion curves. The relations for the wavelength and
phase velocity are as follows:




) (1)

v = £ A (2)
where, d = distance between the compared accelerometers
in/ft.
® = nhase anale in dlg.
£ = frequency in Hz
A = wavelength in ft.
v = phase velocity in ft/sec.

The dispersion curve mentioned above can be obtained by
the use of a computer program, NDTPLOT, which does the
calculation of the values of A and the corresponding v and
completes plotting of the dispersion curve.

The peak wave velocity obtained from the dispersion
curve gives the Rayleigh wave velocity, V for the surface
layer. The shear wave velocities in the §nderly1ng layers
(i.e. base/subbase, subgrade) are obtained from the
ordinates corresponding to the break points of the curve.
The shear wave velocity, V., of the surface layer can be
determined from the relatidn,

Vv =

s (3)

ml <
o]

where 'a' is a function of Poission's ratio, v, of the

material and it's theoretical values are:

0.875 for v 0 and

a

a 0.955 for v 0.5.
Making linear interpolation, the following values of 'a'

have been determined for calculations in this study:

a 0.899 for pavements with concrete surface

layer and

a 0.911 for pavements with asphaltic concrete
surface layer. :

With the shear wave velocities known, the Young's
modulus for each laver of a given pavement section can be
determined from the following theoretical relations:
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g = B2y (4)

144 g
E = 2 (1 +v) 6 {5)
where, G = shear modulus of the layer in 1lb/in?
E = Young's modulus of the layer in 1b/in?

= acceleration due to gravity = 32.2 ft/sec?
V_ = shear wave velocity in ft/sec, and

: = unit weight of the material in the layer in
1b/ft

The average approximate values of y and v for different
materials encountered in an airfield pavement section are
given in table 3.

TABLE 3

REPRESENTATIVE VALUES OF UNIT WEIGHT
AND POISSON'S RATIO

Material Y v
(1b/ft?)

Concrete 145 0.15

Asphalt 145 0.43

Base Course 120 0.25

Subgrade 110 0.43

Comparison of field tests have shown that the Young's
moduli obtained from the above calculations yield somewhat
higher values for aphaltic concrete surface layers, base/
subbase layers and subgrades. Hence for actual pavement
performance evaluation, corrections are made to obtain
representatives values of E. The present recommended
correction procedure is given in table 4.




TABLE 4

CORRECTED YOUNG'S MODULUS, *

Layer

cor

§Erface

Concrete

Asphaltic concrete

Base/Subbase with

Ccncrete Surface

AC Surface

AC/concrete surface

Subgrade with

Concrete Surface

AC Surface

AC/PCC Surface

E(concrete)

E(asghalt)

E2
(base/subbase)

E(concrete)

E(Base/subbase)

2

E(Base/subbase)

2

E(subgrade)
2

E (subgrade)
2

E(subg;ade)
2

*Ref 1.

Note:
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E(concrete), E(asphalt), E(base), E(subgrade),
correspond to Youna's moduli of the materials revpresented bv
its subscripts obtained by using eq.




Ultimately, with the above calculations completed, the
pavement evaluation is made by a computer program known as
PREDICT. It is a nonlinear finite element program which
performs the structural analysis of the pavements in which
the aircraft wheel loads are represented by Fourier Series
and is capable of treating single and multiwheel landing
gears. In order to obtain the number of passes that an
aircraft can operate on a given pavement section before
fatigue failure occurs. The following are used as input to
the PREDICT code:

(a) Name of the aircraft (At the present time, the
aircraft in PREDICT code are B-1, B-52, B-57, Boeing 747, C-
5, ¢C-9A, C-130, C-141, F-15, F-16, F-105, F-111, FB-111A,
KC-97, KC-135 and T-39).

(b) Number of layers in the pavement section,

(c) Thickness, T, of Surface layer, base course,
subbase (if present) and subgrade. The thickness of subgrade is
given by:

T (in) ;
Subgrade 144 in. T (surface + base +

subbase) (in) (6)

(d) Eoor for all the layers.
(e) Tensile strength of concrete layer, t (in psi),
if present.

(f) Poisson's ratio for each layer.

(g) Degree of saturation, Sr' for the soil layers
(h) vVvoid ratio, e, for the soil layers.

(i) Plasticity index, PI, for the soil layers.

(j) Nature of traffic on the pavement i.e. channelized
or nonchannelized.

The failure criteria used for the destructive test
evaluation theory are not the same as those used for the
nondestructive test pavement evaluation procedure. The criteria
used for destructive tests are based on the development of the
first crack in the pavement and derived from large scale field
tests conducted over the years. The basic assumptions for
failure used for nondestructive pavement analysis are given in
reference 1. There is a need for a comprehensive study to see
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if the assumption of "failure" used for nondestructive
pavement evaluation theory is acceptable.

PROCEDURE FOR COMPARISON OF PROJECTED PAVEMENT LIFE BASED
ON DESTRUCTIVE TESTS TO THAT BASED ON NONDESTRUCTIVE TESTS.

In order to make a reasonable comparsion to see how
well the projected pavement life based on destructive tests
compares with that based on nondestructive tests, the
following procedure has been adopted in this study. It is
presented in a step by step manner for easier understanding.
All comparisons presented here are made for capacity category
operation of aircraft.

(a) Review the AGLs for a given feature of an airfield
for capacity category operation obtained in the pavement
evaluation report based on destructive tests.

(b) Determine the group indexes of the aircraft in the
PREDICT code.

(c) Compare the maximum gross load (Table 5, column 2)
of an aircraft considered in step-b with the AGL obtained
for its corresponding group index in step-a. If the maximum
gross load of an aircraft is less than or equal to the AGL
for the corresponding GI, it may be selected as a case for
the comparison study.

(d) For an aircraft selected in step-c, determine the
number of permissible operations as predicted by the destructive
evaluation technique. Or,

No. of operation = No. of coverage for , P (7)
Capacity Category Cc
4 1
Table 2 Table 5, Col. 4 & 5
P :
/C = pass-per-coverade ratio.

(e) Determine the values of E for various layers of
the pavement (for the feature under consideration) from
nondestructive test(s). If more than one test has been
conducted in that feature of the airfield, the moduli can be
calculated from respresentative values of Y for the layers.

(f) Correct the values of E obtained in step-e by
using table 4.

(g) Determine the tensile strength, t, of the concrete
layer (if present) from tensile splitting tests of four and

2-15




six inch diameter concrete cores.

TABLE 5

Gross Weight, Main Gear Wheel Load
and Pass-Per-Coverage Ratio for Some Aircraft

Maximum Ma;imum P/ LR
Takeoff Main Gear C
Gross Weight* Wheel Load* Channelized Non-
Aircraft (KIPS) (KIPS) Channelized
(1) (2) (3) (4) (5)
B-52H 488.0 67.1 1.63 2.0
B-57B 58.8 27.7 6.47 12.83
C-5A 769.0 30.2 0.81%%* 1. 1Lp»%x
C-130E 175.0 41.9 2.09%%* 4.05%**
C-141A 316.6 37.4 1.72%%% Sl THEE
F-105F 54.6 23.4 10.9 21.9
F-111A 98.6 47.0 4.92 9.8
i KC-97G 187.0 44.5 3.41 6.11
f KC-135A 300.8 35.5 1.68%%¢* 3.03%%%

* Reference 4.

** Reference 5.

*** pass-per-coverage ratio for rigid pavement is equal to
twice the value shown.

E (h)

Determine the main gear wheel load, WLOAD, for the

- |

aircraft by using the relation,
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WLOAD = AGL X [Max main gear wheel)
(Max gross load of aircraft) load
A 4
Table 5, col. 2 Table 5, col. 3

(i) Input the following to the program, PREDICT.
Name of aircraft
Nature of traffic (channelized or nonchannelized)
WLOAD (Step-h)
t (Step-q)
Number of Pavement layers

Poisson's ratio for each layer (table 3)
Plasticity index (PI) for each soil layer.

Void ratio, e, for each soil layer (actual value
if known or about 0.22 for base course and 0.45 for subgrade).
Degree of saturation, S_ , for each soil layer
(actual value if known or about 80 %)

(j) PREDICT gives the number of allowable passes for
the aircraft on the pavement section.

The number of passes obtained in step-j by the non-
destructive evaluation technique can now be compared with
the number of passes obtained in step-d by the destructive
evaluation technique. It may be noted that the number of
passes obtained by the above two methods are for the same
aircraft and gross load.

A flow chart for the comparison procedure (step-d
through j) is given in figure 1.




Rty -
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RESULTS OF COMPARSION AND DISCUSSION:

The results of comparison of pavement life for several !
features of four airfields are given in table 6. It is
observed that in all cases, the number of permissible operations
calculated on the basis of nondestructive test evaluation
procedure is appreciably higher than that predicted on the
basis of the conventional destructive test evaluation procedure.
Based on these limited results, the correlation coefficient
was found to be 0.29.

The higher number of operations predicted by nondestructive
evaluation procedure can possibly be due to the unusually

high value of Vs and thus E 5 for subgrade obtained from
the analysis of nondestruct¥P& test results. For example,
the values of E for subgrades (unified soil classification -

CL) obtained frSR the nondestructive tests of Carswell AFB

were in the rance of 20 X 10° to 120 X 10° psi. Similarlv

in the case of Dvess AFB, the E for CL tvre subagrades
ranged from 55 X 10° to 135 X 16%%psi. The thicknesses of

the concrete layers in the pavement for the above cases

varied between 15 to 26 inches. However, the usual range of
Corrected Young's modulus should be about 3 X 10° to 10 x

10® psi. This discrepancy can possibly be attributed to the
dominance of the stress wave velocities in thick concrete
layers. This makes the validity of empirical modulus correction
procedures of subgrades given in table 4 somewhat questionable.
It may be pointed out the above empirical correction procedure
has been developed from the limited results of experiments
conducted at Cannon AFB, New Mexico. At Cannon AFB, the
thickness of concrete surface layer of pavement varies from
about 8 in to about 14 in with an average thickness of about

11 in. Thus, it may be speculated that the empirical procedure
of 50% reduction of calculated Young's modulus to arrive at
Ecor may not hold good in all cases.

CONCLUSIONS AND RECOMMENDATION FOR FUTURE RESEARCH:

To meet the primary objective of this research effort
the following recommendations are made:

(1) The nondestructive pavement evaluation procedure
is theoretically sound. However, in its present form,
it appears to give overly optimistic results and does not
seem to be ready for general use. The main problem lie in
the inability of determining the Young's moduli of subgrades
where surface layers are concrete with thickness of about
10 in.or more and the variation between the failure criteria
used in the destructive versus the nondestructive methodologies.
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Further investigation of Young's Moduli can be accomplished
by conducting nondestructive tests on pavements having
similar subgrades but varying thickness of concrete surface
layers. This should provide information regarding the
dependency of the empirical modulus correction factor on the
thickness of the concrete layer.

(2) Nondestructive tests have been performed in several
other Air Force Bases such as Shaw AFB, Blytheville, AFB,
Holloman AFB and Mather AFB. Using these results and the
information available from destructive test evaluations,
comparison of pavement lives such as those presented in
this report should be made.

(3) More research needs to be done to develop
acceptable failure criteria for use in the nondestructive
pavement evaluation.

(4) It may be desirable to increase the magnitude of

dynamic load applied to the pavement surface during the
nondestructive test. This could give better results.
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EFFECT OF COOLING WATER SPRAY ON
TURBINE ENGINE TEST CELL EMISSIONS
by
Charles Springer

ABSTRACT

The processes occuring in turbine engine test cells were
analyzed to determine the effects of cooling water spray on the
emissions. A predictive model was developed to compute the amount
of gaseous and particulate emissions as well as plume visibility as
functions of engine and cell operating parameters.

It was found that very little benefit may be derived from the
use of a quantity of water in excess of that required to cool the
exhaust to a temperature which is safe for the equipment.
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NOMENCLATURE

Area

Cross sectional area

Background light (Brightness)
Scattered light (Brightness)

Heat capacity (Energy/mass Atemp)
Diameter

Diffusivity (Area/time)

Emission factor

Fuel flow rate (maés)

Fuel to air ratio (mass)

Specific enthalpy (energy/mass)
Impacting flux (particles/area - time)
Length (of equipment)

Molecular wt

Particle population density (particles/volume)
Mass transfer flux (moles/area - time)
Pressure

Vapor pressure

Heating value of fuel (energy/mass)
Universal gas constant
Dilution ratio - dilution air to exhaust, mass ratio
Reynolds No

Ringelmann No




'16 w'-i 00-3 3

= < (=] (=]
*

We

&c

Smoke No

Specific p;rticle extinction (area/mass)
Temperature

Ambient temperature

Saturation temperature

Plume transmittance (Percent)

Velocity

Eddy velocity

Volume or volume/time

Water vapor quantity (mole or mole/time), mass of sample
for smoke no.

Weber No

Concentration (mole/volume)

Newton's Law conversion factor
Humidity of ambient air (mole vapor/mole dry air)
Mass or mass/time

No of particles or no of particles/time
Radius (particle or droplet)

Time

Distance or length (path length)
Stopping distance

Mole fraction

Mole ratio
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a H/C (atomic) rztic for fuel

) Surface tension

P Density

M Absolute viscosity

v Kinematic viscosity

w Particulate (or droplet) loading (mass/volume)
Subscripts

a air

d diffuser, deposited

e exhaust

g gas

! initial

J component index

o emitted or exhausted to the atmosphere; also ambient
P particle (or droplet)

s stack

t throat

v vapor (water)

w liquid (water)

|
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EFFECTS OF COOLING WATER SPRAY ON
ENGINE TEST CELL EMISSIONS

1. INTRODUCTION

Statement of the Problem

The Department of Defense agencies have demonstrated leadership
in establishing and maintaining procedures to minimize adverse en-
vironmental consequences of various military activities consistent
with maintaining an adequate national defense capability and reason-
able cost effectiveness. In keeping with this posture, the Air Force
is seeking to find operational procedures for turbine engine test
cells which will minimize the environmental effects of engine testing.

Air Force and Navy engine test facilities have occasionally been
cited by local civil authorities for violation of visible emission
standards for stationary sources. The present effort was undertaken
to determine what effect the practice of injecting water to cool the
exhaust has on the visible as well as gaseous emissions, and to
determine if these emissions can be minimized by careful control of
the water injection rate.

The Nature of Turbine Engine Emissions

The air polluting emissions from turbine engines consist of
carbon monoxide (CO), unburned hydrocarbons (HC), oxides of nitrogen
(NOy), particulate matter and oxides of sulfu. (304). The relative
emission rates of these pollutants varies considerably depending not
only upon the engine model under test, but the operational mode as
well.

CO emissions are the highest in the idle mode, and decrease
sharply, generally by at least a factor of ten at the higher power
levels. CO emission measurements as reported in Ref 1 show varia-
tions from almost 200 1b/hr to less than two percent of that value.
In general, test cell emissions of CO are not considered to be sig-
nificant, (Ref 1, 2) and ground level CO concentrations near test

cell operations are ordinarily undetectable.

Unburned hydrocarbons are also more prevalent at lower power
modes, and show variations similar to CO emissions. In the usual
case, HC emissions are concentrated in the lower parts of this range
and are less than 20 1b/hr. The HC emissions may not all arise from
the engine itself, but can also result from evaporation of fuel which
may have been spilled in the test cell. Some actual measurements
have shown the cell emissions of HC to be from two to four times as
much as the engine emissions, presumably because of the spilled fuel
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(Ref 3), Random variables of this sort make generalizations diffi-
cult. Naugle, et. al. (Ref 4) show that hydrocarbons are the only
aircraft emissions which may have significant impact on air quality
in the vicinity of Air Force bases.

Oxides of nitrogen are more likely to be emitted in the high power
operating modes, such as the "military" mode. Emissions are typically
between 20 and 30 1b/1000 1b of fuel, but, for some engines, may be as
high as 300 1b/hr (Ref 1, 3, 5~9) reported as NO,. Afterburners pro-
duce little additional nitrogen oxides. In general, the ratio of
NO:NO, produced is about 10:1. The NO, emissions are inconsequential
in the idle mode.

Particulate emissions also are more likely to be produced .n the
higher power modes, and the amounts vary greatly among the various
engine models. Afterburners consume some of the engine particulate
matter, so engines operating in the afterburner mode have much lower
particulate emissions (Ref 10).

It has been said that particulate emissions amount to about 0.5
percent of the fuel used (Ref 1). Actually, the value is probably
a little high, being perhaps more nearly an upper limit. However,
there are few reliable particulate measurements, although it is
possible to approximate particulate emissions (Ref 11) from smoke
number (Ref 12) data. The maximum particulate emission rate is about
50 1b/hr. Particulate emissions are mostly carbon (Ref 10), with
particle sizes ranging from 0.01 to 1 micron. For test cells, parti-
culate emissions are only important with respect to plume visibility,
since there is only negligible impact on air quality (Ref 2).

Sulfur oxides arise from the sulfur in the fuel, which is about
0.06 percent by weight. In most instances, the preponderance of the
sulfur oxides emitted will be SO,, with only a small fraction as SO3.
However, more-or-less the opposite has been reported for an F100
engine test, where the ratio of 505:50, was about 9:1 (Ref 3).

The sulfur oxide emissions from turbine engines are not consid-
ered to be a significant problem, especially with respect to the test
cell emissions (Ref 2).

At the present, it appears that the plume opacity, or visibility,
is the only area wherein turbine engine test cells have been cited
for legal violations, although there is the possibility that NO,
emissions may sometimes exceed standards (Ref 1). Test cell emissions
have little impact on air quality (Ref 2), so therefore it is the
plume visibility which is of primary importance.

3-8




The Nature and Rationale for Test Cell Operations

The main purpose of the test cell is to enclose the engine under
test so as to attenuate the noise, The usual test cell is a U~shaped
building constructed mostly of concrete. The engine under test is
mounted in the horizontal portion of the building, and its exhaust
enters an augmentor tube, Air intake to the cell is through one of
the vertical sections of the building, and the discharge stack is
the other vertical section,

An important variable in the test cell operation is the operation
of the augmentor, which is essentially an ejector energized by the
high velocity exhaust. The augmentor serves to reduce the pressure
behind the engine and thus to more nearly duplicate the conditions
of the open air., Ideally, the augmentor reduces the pressure behind
the engine to the same value as the pressure at the inlet. A vari-
able amount of air is drawn into the augmentor along with the exhaust.
In some cases, water is sprayed into the augmentor throat area to
cool the exhaust and prevent damage to the structure from high temp-
eratures. The major aim of this work is to explore the effects of
the water addition on the cell operation and cell emissions.

The Test Cell Processes

The processes which occur in the test cell and which are of
interest in this work include those occurring in the augmentor throat
as gas and water make contact, those which occur in the augmentor
diffuser section and those which occur in the cell discharge stack.
These processes are all considered in order.

The process of predominate interest in the augmentor throat is
the evaporation of the water droplets. Consideration is given to
the evaporation rate which might be deduced from a prediction of the
probable droplet size and probable flow conditions. An energy bal-
ance is used to predict the amount of water which evaporates and the
resulting temperature which will prevail in the augmentor diffuser.

The processes of interest in the diffuser are condensation and
particle wetting, droplet growth (with coagulation) and gas absorption
in the droplet liquid. Consideration is given to all these processes
and the results of each are predicted either by a model or by specu-
lation based upon published work.

In the stack discharge, the process of additional gas absorption
is considered, as well as deposition of the droplets on the wall
surfaces of the stack and baffling. Relations to predict the final
emissions of all pollutants in the gas phase and in the liquid phase

i




BRGNS U0 2 1) i

are developed.

Finally, methods of predicting plume visibility are adapted from
published works and applied to the cell emissions.
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2. DESCRIPTION OF THE PROCESS

Augmentor Mixing and Evaporation Rates

As the exhaust exits the engine, its kinetic energy carries it
into the throat of the augmentor. The resulting pressure reduction
causes additional dilution air to also be directed into the augmentor.
The dilution air flow varies from 0.5 to 2.5 times the exhaust rate
(mass basis). Presumably the jet rapidly dissipates by mixing with
the dilution air.

An exhaust discharged horizontally to the open atmosphere will
maintain some unmixed potential flow for about six jet diameters
downstream (Ref 10). This typically corresponds to two to four jet ]
diameters after entering the augmentor. Mixing with dilution air 1
would normally be very rapid, especially if a water spray is intro- .
duced almost immediately inside the augmentor throat.

The velocity of gases (exhaust plus dilution air) are typically
about 500 ft/sec in the throat at the point of the first water spray
contact. For such a situation, it is possible to estimate the max- !
imum droplet size of the water from the Weber Number. According to i
Perry (Ref 13) the maximum stable droplet size may be predicted by
assuming a Weber Number, We, of 10 for short duration shock contact
with high velocity gas.

The Weber Number is given by:
U2 _Dp |
We=_i_s._
Sg, '3

If a Weber Number of 10 describes this situation, the maximum
droplet diameter can be predicted by:

D = 10 6 g

max (1)
A typical case (U_ = 500 ft/sec, p_ = 0.0k lb/ft3) would suggest water
droplet diameters~of about 50 micrgn, and less,

As water droplets are further broken up by the gas stream, a
volume mean diameter can be predicted (Ref 13) as:




, where (2)

o 136 U, p3,/21)11/2gc 3/2 1/3
b s 172 &
Pe Pu U

Dvm is the volume mean diameter of the droplet population.

Assuming that D; ~ D .., the volume (also mass) mean diameter for the
case suggested above 1s about 14 micron, which provides a surface area
of approximately 2000 £t2/1b.

The droplet Reynolds Number will be about T5, ghich would suggest
a heat trensfer coefficient of about 0.7 BTU/sec.ft“.°F and an initial
evaporation rate of about 550 1lb/sec per 1lb of liquid water. Thus,
at the initial rate, a droplet would evaporate in less than 0.002
seconds, or by the time it had travelled about a foot at the example
velocity of 500 ft/sec. It seems appropriate, therefore, to assume
the water is either all evaporated, or the excess liquid and gas are
in equilibrium as the stream exits the throat of the augmentor.

Energy Balance

The relationship between the amount of water which evaporates
and the resulting temperature can be determined from an energy balance.
The maximum amount of water evaporation possible may be determined
from considerations of psychrometric principles.

The energy balance around the augmentor can be simplified by
the following initial assumptions: the water and air both enter at
the same ambient temperature,'%; the enthalpies of both air and
liquid water are taken as zero at Ty; the heat capacities are treated
as constant; and friction, as well as changes in elevation and
pressure, are ignored.

For the case of the turbojet engine (or a turbofan engine if
the bypass is included with the exhaust), no shaft work crosses the
system boundary. Therefore, the enthalpy and kinetic energy of the
total exhaust is equal to the heating value of the fuel, the process

being nearly adiabatic. Thus: a general energy balance statement
is:
FQp = Hy m, + H, m +m H + (m, + m, +m,)0? (3)
ch
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m8 = m, + Mg, and m, = meRd,

som, = m, (Rd + 1),

g
Further, m, = F (1 + A/F) = F [1 + 1/(F/A))
Thus: m = F [1 + 2/(F/a]] (8, + 1)
(Note: Ref 11 presents a method for determining m, from the fuel rate
and cell depression pressure, when cell geometry is known, This

information may sometimes be more readily available than Rd.)

If this system has attained equilibrium at temperature T,

Hg = Cpg (T-To)
Hv =1+ Cp, (T-To)
H, = Cp, (T-To)

Substituting in the general energy balance statement:

FQp = (T—To)(Cpgmg + Cpym, + prmw) + Am, + (m8 tm 4+ mw)Ua/Egc (%)

At the equilibrium condition, the temperature will be approximately
the adiabatic saturation temperature, the small difference being due
to the sensible heating of the excess liquid water from ambient to
the mixture temperature.

The average velocity can be deduced by establishing an arbitrary
finite time, such as one second. Then, F, m_, and m are taken as

v w

mass flow rates, for example, kg/sec.

The total gas volume is:

V_=m_ RT (5)

v, = m, RT (6)
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The velocity can be expressed as:

gs N *0)xh

e (7)

L Dt

This expression ignores the volume of the excess liquid.

The adiabatic saturation temperature (T_.) depends upon the inlet

(to the augmentor) condition of the gas, i.e., the temperature and water
vapor content,

The water vapor content of the entering gas can be predicted from
the ambient humidity, the air and fuel rates and the H/C ratio of the
fuel, thus:

The moles of air supplied to the engine and the augmentor are:

m -F
moles air = where the molecular wt of the air is taken
as 29. 43

If the ambient molal humidity (moles water/mole air) is h, then,
the moles of water supplied with the air are:

moles water = h (mg - F)/29

The water of combustion, for fuel with a H/C (atomic) ratio of a,
is:

it o :
= = [——3__
moles water 5 ( I )

Total vapor phase water entering the augmentor:

h (m_ - F) gl a
2 g :
moles water = —_ + - ————)F
29 2 \12 + o

The water evaporated has previously been described as m_ (mass) so the
r v
total water vapor, (moles) in the augmentor is:

w= h(mg-F /0 4 F+ 0y (8)
29 2\12 + a 18




The gas in the augmentor has previously been described as (mass):
m =m (1+R,)
g e ¢ d
The value of m as previously defined does include the water of com-
bustion, but n8t the humidity of the ambient air, If the molecular

weight of the exhaust and air are both taken as 29, then the molar
amount of dry augmentor gas is:

moles dry gas = lf_g_ s Ef Q F ]
29 2V12 + o

The mole fraction of water in the augmentor is

&L ()T (9)

The partial pressure of the water vapor is:

Pv = Pty, where Pt is the pressure in the throat.

The adiabatic saturation equilibrium will occur as the quantity
of water evaporated reduces the temperature of the gas while also in-
creasing the water vapor content until the partial pressure of the
water vapor, P,, is equal to the vapor pressure of water, Pr.

In the range or temperatures of interest in this study (30 to
60° C), the vapor pressure of water can be approximated by:

p* = exp (4,3320 - 843.084/T) with p* in kPa and T in °K. (This
relation is satisfactory only for the limited temperature range sug-
gested above,

The saturation temperature may often be higher than the ambient,
or water, temperature, hence the gas stream can possibly be cooled
below the adiabatic saturation temperature (Ts)‘ The effect is ex-
pected to be small because of the thermal effects of the condensation.
There is no convenient single relation to compute the adiabatic satura-
* tion temperature, T;. However, the mole fraction of water vapor cal-
culated by eqn (9) will be:




p*
Ypg = —3s (9a)
P

A value of T_ which satisfies egns (4), (9) and (9a) may be found by
iterative procedures.

The pollutant loadings in the gas stream can be determined from
the engine emission factors and the amount of fuel used. Emission
factors relate the mass of pollutant per mass of fuel, usually in
1b/1000 1b of fuel. Thus, for pollutant component J,

my = 2 F (10)
3 1000

For particulate matter, the emissions may be approximated from
the method of Finch and Eyl (Ref 11), Their expression,

18 (0,0263/sN) - 5.96) (11)

o |
L]
>|=

is valid for smoke number values (SN) greater than 15. The term %

is a sample collection parameter, mass of sample per unit area of
filter as specified by the smoke number method (Ref 12). It should
be noted that @ is the mass ratio of particulate matter to exhaust

The total particulate emission may be estimated from
mp = 23; m,, with m, estimated from the fuel and fuel/air ratio.
Pe

The particulate emission factor is, then,

E, = 1000 e % (12)
p, F

Discharge Into Diffuser

As the gas-vapor stream discharges from the throat of the aug-
mentor into the diffuser section, a velocity change will occur as a
consequence of the change in cross-sectional area, If the flow in
the throat is subsonic, as is likely, then the increased cross section-
al area of the diffuser will cause a pressure increase as predicted
by the Bernoulli theorem,
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The increuase in pressure brought about by the velocity change
causes condensation of some water vapor, The condensation will simul-
taneously cause an increase in temperature as the latent heat of the
vapor is given up. The energy balance of eqn (4) and egns (9) and
(9a) apply equally well to the diffuser section, The computations
are more appropriate, in fact, in the diffuser section, since the
temperature and water vapor content will change only very little from
the diffuser to the ultimate discharge,

Flow Through The Diffuser

Diffuser velocities are relatively high, probably of the order
of 200 ft/sec (v~ 60 m/s), It is expected that some minor interaction
between the particles, or droplets, and the walls occurs, Whereas
droplets will impinge on the wall, the velocity may be great enough
to re-entrain most of the water which is collected. The re-entrain-
ment aspects are not at all well known, Actually, the rate of de-
position of the droplets on the wall is not readily predictable with
confidence, although the problem has been considered in the literature.

Any attempt at evaluation of the effect of liquid water droplets
in the diffuser must begin with a consideration of the probable
droplet diameter. Robsen, et al (Ref 1) have suggested that conden-
sation in the test cell environment will be by nucleation on the
carbon particles, and not by condensation on the hygroscopic gases
(80, and NO,). The same reference reports that fog droplets tend to
havé a mean diameter of 38 microns with a standard deviation of * 12
microns. The ultimate diameter of 38 microns, however, does not
necessarily occur immediately, and the initial droplet formation
probably will result in droplets of 0.1 to 1.0 microns surrounding
the carbon (smoke) particles which serve as nuclei.

The amount of water condensed is ordinarily less than one-tenth
of one percent of the gas rate (mass). The excess liquid, however,
may be as much as ten to fifteen percent of the dry gas rate, al-
though it is of course highly variable, depending upon the operation.
Probably, though, in any situation where appreciable liquid is
present, the droplet size is primarily a function of the droplet size
of the excess liquid, since it will be most of the liquid present.

The coagulation of the smaller particles in the highly turbulent
state can only be guessed, Some work has been done, much of it
reported by Fuchs (Ref 1k4), but there is little which can be used
to relate to conditions different from the experimental.




If the only liquid present were from condensation, then coagula-
tion would not be a significant process, In such a case, one could
expect a droplet diameter increase of only about ten percent at most
during passage through the diffuser,

On the other hand, if as was suggested, the excess spray is the
predomingte source of liquid, a mean diameter of 20 microns seems to
be a recionable, but speculative, estimate of the droplet diameter in
the diffuser. It should be noted that a droplet size of about 1k
micron was predicted for the formation of the droplets in the throat.

Absorption Of Ggses In The Diffuser

The liquid water droplets, either formed from condensation or
present as unevaporated excess will absorb gases in the diffuser
during passage through it. In some circumstances this might be an
important process either in relation to the amount of a gas removed
from the gas stream or because of the amount of acid forming solute
added to the liquid phase.

The gases which might be absorbed include 002, €O, NO, NO,, S0o,
S0,, and HC, the first three listed having very low wolubility. The
effect of the water on the CO, content would be expected to be negli-
gible. CO, is not considered to be a pollutant in this study.

It can be easily shown by example that the effect of water on
the NO emissions is also negligible.

An example can be taken from Ref 3. In this case, an F100 engine
was emitting about 36.6 1lb/hr of NO, there were approximately 400
gallons per minute of water being discharged as a mist in a gas stream
(mogtly air) of 2,289,000 1b/hr. The temperature was approximately
100°F.

From these data, it may be deduced that the mole fraction of NO
in the exiting gas-stream was 1.5 x 107, The Henry's Law constant
for NO at about this temperature (40°C) is given by Perry (Ref 15) as
3.52 % th atm/mole fraction. Therefore if 40O gallons per minute
of water (v 11,000 1b mole/hr) came to equilibrium with the initial
NO concentration, it would dissolve only 0,001k 1b of NO, which is
less than 0,005 percent of the total NO emitted, Similar order of
magnitude results will be found for the case of CO, and therefore,
it 18 concluded that the absorption of neither NO nor CO is of con-
sequence in this study.

A calculation similar to the above for the case of SO2 reveals




that about 0.28 percent of the SO, would be dissolved in the water if
equilibrium were achieved. This %oo, seems to be unimportant, and it
is concluded that the water spray has only negligible effect on the
SO2 emissions,

The hydrocarbons present special problems of prediction, Some of
the unburned hydrocarbons are quite soluble, while others are not,
Conkle, et. al, (Ref 17), report an anglysis of the exhaust hydro-
carbons from a T-56 combustor, From these results it appears that
about 25 percent of the HC could be considered as soluble, with
acetaldehyde being a prominent and perhaps typical soluble constituent,

Presumably about 75 percent of the unburned hydrocarbons are
unaffected by the water spray,

For the cases of SO;, NO,, and the soluble hydrocarbons, it is
not appropriate to treat the solubilities in the same manner as above
since these pollutants are highly soluble in water and would not obey
Henry's Law. For these gases, it may be estimated that the Henry's
Law constant is approximately zero, so they will not come to "equil-
ibrium" in the usual sense, at least not in this dilute situation.
The limiting amount of gas dissolved in the mist droplets will be a
function of the rate of mass transfer,

Mass transfer rate predictions for droplets travelling in a gas
stream have been developed (Ref 18) for the case of turbulent flow
around the drops. Since in the present case the mist droplets are
moving at essentially the same velocity as the gas stream, the prin-
ciple transport mechanism is probably simply molecular diffusion.

The turbulence in the system might increase the mass transfer rate,

even though the overall relative velocity of the gas with respect to
the mist droplets is zero. If the mechanism of transport is simply

molecular diffusion, the diffusion rate can be written for this ex-

tremely dilute case as:

Ny =D, £ (13)
where 39S is the concentration gradient that exists between the liquid
surface and the bulk of the gas.

The concentration gradient can be evaluated by making the
assumptions that the diffusion path length is one-half the distance
between adjacent droplet surfaces and that the interface composition
is zero (essentially infinite solubility and complete mixing in the
droplet).
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Concentration is in moles/unit volume, hence, for component j:

Gy 4 (14)

The volume of the gas, Vg' is as given by egn (5),

The bulk phase concentration is, then

= m "POM

& (15)

RT 15
Hy By

The mean spacing between adjacent droplets can be approximated from

the volume fraction of droplets and the droplet diameter. The ratio

of void (gas) to non void will be approximately the cube root of the

ratio of void volume to droplet volume, this latter ratio being:

m_ RT Py

Volume ratio = _& __ (16)
MEWE S
g v
Thus, the ratio of spacing to droplet diameter is
spacing _ m RT p \/3
“ (1)
diam « M, P oy
and for droplet diameters, Dp, the diffusion path length is:
m RT p 173
x = 1/2( B ¥ Dp (18)
M P
g W
The diffusion equation becomes:
1/3
2 m; PM ‘m
(Hp)y = (0,)y x —d—&— (¥ P TuX (19)

G Rl kmg RT p,,

ki
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(NA)& is the absorption rate per unit area, and is the rate of dis-
r

appearance of component j from the gas phase, therefore:
(N,), = - 1 d my
A% MA at”

The area, A is the total droplet surface area, and can be given by:

Combining terms and separating variables

, - 1/3
e SR 0 W . A (== P My ) @
m_RT D
B p e B el

mJ W

Integrating this relation over the time required to pass through the
diffuser gives:

-12 (D,), PM P.m /3
1n fey)0/(u) ] = ("32 A (’i%___i'_) t (21)
m RT Dp P G ME RT o

w

Where t = time to pass through the diffuser (Lg/Ug), (my)y, (my)p =
mass of component J in gas, initially and after time t., The diffu-
sivities of the gases of interest, N02, S0, and acetaldehyde, as
representative of soluble hydrocarbons in air can be estimated by the
method of Gilliland (Ref 16). At 40°C, the values are:

for NO., D 0.13k4 cm2/sec

22 v
0.099 cma/sec

for SO3, Dv
for acetaldehyde, D, = 0.1k cmz/sec
The temperature of 40°C is probably close to the process temperature
in most cases, but the diffusivities vary approximately as the 3/2

power of the absolute temperature, so may be estimated for any temp-
erature of interest.
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Discharge From The Augmentor

Discharge from the augmentor is accompanied by considerable
turbulence and involves flow through perforated walls or other types
of baffling, and the accompanying agitation and mixing is assumed to
result in a sharp reduction in velocity with not much change in pressure,
The increased turbulence will cause some extra coagulation, and it
might be assumed that a stable dispersion of droplet diameter of ~38
microns (Ref 1) will be formed,

Flow Through The Stack

Stack velocities are relatively low, on the order of 5 to 15
m/s (about 15 to 50 ft/sec), The processes which occur are very
similar to those which occur in the diffuser section of the augmentor.
The stack velocity will ordinarily be in excess of the settling
velocity of any droplet or particle, so no settling will occur.

The absorption of the soluble gases will continue if this process
is not essentially completed in the diffuser., The amount of any
soluble component absorbed may be predicted by the use of eqn (21),
except for a change in subscript on mj, such that:

1/3
[(m ) ]_ - 12(0 s 2 e I / t (21a)
m, RT D X pw M, RT p

where now t is the time for passage through the stack and (m )3 is the
final mass of gas phase component j.

Liquid Deposition in the Stack

As the gas-mist mixture flows out the stack, some of the particles
will strike the wall and remain, forming a liquid film, eventually to
flow downward by gravity or upward because of drag from the main stream.
In most cases the result of this deposition, in terms of the fraction
of liquid retained, will be minimal, perhaps negligible. However, for
the possible occasional case where the effect is of interest, it is
possible to estimate the effect. The rate of particle (or droplet)
deposition on the walls of the stack is difficult to evaluate with
confidence, especially if the droplet diameter is questionable. How-
ever, Fuchs (Ref 1k4) does present a relation for approximating the
rate of impaction of particles on walls during turbulent flow. The
actual measured rates have been observed to be from one-half to two
times the prediction. The relation given by Fuchs is:




1'n N @ (22)
u 1+ ue (14,53/2x#3 - 50,6)]

I = Impacting flux (particles/unit area and time)
N = Particle population, (particles/unit volume)
U = Velocity of the stream
U* = Eddy velocity
u* = 0.2 U
(Re)Y/
x =x U*/v (dimensionless stopping distance)

Xy = Stopping distance

v = Kinematic viscosity
2
x; = 2 UI rE Pp
9u

UI = Particle initial velocity
Presumably UI n U,

The particle population density, N, is the total number of drop-
lets divided by the total volume, or the droplet flow rate divided
by the volumetric flow rate,

The total droplet number flow rate is the liquid mass rate divided
by the mass of a single droplet, The mass of a droplet is:
3
D - p

mp = _"_.pr_p (23)

The liquid mass rate is m., so the particle number flow rate is
6 m,/%D_3
mv p ppo

Thus, since the total volume is Vg + Vv, the particle population
density is:
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N = om,

3
n(Vg + vv) Dp Pp (24)

The rate of mass removal is the rate of droplet removal multiplied
by the mass of a single droplet if it is assumed that reentrainment is

negligible, The rate of droplet removal is the impacting flux, I,

multiplied by the wall surface area, As, Thus:
3

d—m"'—-=--IA x _"Dp pp (25)

dt S .
Therefore;

3
dm,, w_.hAnDd Pp 6 m U*z
dt -—6——2 2 W 3__x
3
11(\’8 + Vv)Dp pp UE]. * U*(lh.Sjs/Qx* -50.6)]

Upon simplification and separation of variables:

e as U *? at (26)
(v + v ule + v*(au,57/2x*- 50.6)]

dm,,

Integrating over the time in the stack, t, gives:

*2
in f Mw,o ) =-_ AU dt - —y (27)
M, (Vg + VUL + u*(1b,5%/2x ¥ - 50,6])

Where Mw 3 is the mass rate of water droplets actually discharged from

the staci. It i1s to be noted that this ignores the amount deposited
in the diffuser which is assumed to be not only a negligible amount,
but probably mostly re~entrained as well,
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The fraction of particulates deposited with the water is assumed
to be proportional to the fraction of water deposited, thus the
particulate mass emitted is;

My ©

mp,o = Mp 1l - - (28)
w

vhere m;, = %%5% as in eqn (10), and Ep is as given by egn (12).

The mass of any soluble gas emitted in the gas phase is (mj),
as given by eqn (2la). The amount of soluble gas absorbed in the
ttack is given by

(mg), o = (m3)p - (mp)s,

The mean amount of soluble component J dissolved in the liquid
during passage through the stack is approximated by

?;37; = - (md)2 +my - (my); 2my - (md)2 - (mJ)3 (29)
sS 2 2

The amount of soluble material j deposited in the stack is:

(m))g,s = M), x m - my ) (30)

The amount of soluble material emitted in the mist is given by:

(m3)y,0 = my = (m3)g - (m3)y (31)
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3. PLUME VISIBILITY

The visibility of the plume may be considered on the basis of either
a white plume or a dark plume, If the exhausted gases are saturated
with water vapor at 40° to 50° C, the plume will become highly visible
because of the condensation of vapor caused by sudden contact with cooler
outside eir, The plume will gppear white because of the scattering of
light reflected from the droplets of newly condensed water. This steam
plume will usually obscure the other components of the plume.

The presence of a steam plume is almost always exempted from legal
considerations, Nevertheless, for the possible occasional interest in
steam plume visibility, an approximation of the Ringelmann Number may
be made.

The general problem of predicting white plume optical properties is
very complex, The topic has been considered by Halow and Zeek (Ref 19)
who developed a Ringelmenn Number correlation., The problem is com-
plicated by variables of weather, besides the complication of esti-
mating the droplet size,

The steam plume results from condensation in the cool air, and for
the purposes of this study, a "typical" condition is assumed for com-
parison, These typical conditions are a clear day, with viewing at a
scattering angle of 120°, which corresponds to a common Ringelmann
reading condition (Ref 18). Other assumptions:

Fog droplet diameter ~ 2,0 micron with a standard deviation
of * 1.0 micron (typical from Ref 17).

A1l "excess" vapor condenses, i.e,, the stack gases become
saturated at Ta (Ta is the common embient temperature). None of the
newly formed droplets re-evaporate.

These conditions correspond to approximately a "worst" case,
except for the viewing angle.

Ref 18 presents generalized curves, developed from computations
based on the Mie theory, to predict a ratio of scattered brightness
(Bs) to ambient brightness (Bo) for a unit particle loading, and a
unit stack diameter. For the conditions proposed here, the ratio is
5.5, The value 5.5 is employed with the actual particle loading and
actual stack diameter as follows;

Bs/Bo = 5,5 x 107 Ds'u'/pp' ' (32)
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This is a dimensional equation, where

D's = stack diameter, ft

3
w! = particle loading, 1f/ft
p', = particle density, 1b/ft’

The value of (Bs/Bo) so obtained is then used to predict the
Ringelmann Number, As might be expected, a great deal of scatter
is apparent in the Ringelmann Number versus (Bs/Bo) correlation.
However, the best fit curve presented by the authors can be approx-
imated by:

R, = 0.0439 (BS/Bo) - 8,64 x 10~ (Bs/Bo) (33)

Eqn (33) predicts the Ringelmann number best fit curve up to a value
of (Bs/Bo) = 140, where R, v 4,5, which is about a maximum white plume
Ringelmann Number,

In the use of egns (32) and (33), it is probably appropriate to
use the largest dimension of a rectangular stack for D'_, and to use
only the newly condensed water for ', since the larger droplets
leaving the stack will have little effect on the white plume visi-
bility.

Since a steam plume is not usually objectionable, even though
highly visible, it is probably more realistic to estimate plume
visibility as that which may be deduced for the spray water dis-
charge as a "black" plume.

Ref 17 also presents a best fit correlation for black plume

. Ringelmann numbers, as a function of transmittance. The curve can
be approximated by three different equations depending upon the
transmittance, as follows:

Rn =5 - 4,8 Tr for 0 <Tr < 20% s (3ka)
Rn = 4,5 - 0,037Tr for 20 < Tr < 85% (341b)
Rn = 8,8 - 0.088Tr for Tr < 85% (3k4e)

Eqns (34a, b, c) may be used for comparison with dry, or carbon
plumes, as for example, with the transmittance predictions of Finch
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and Eyl (Ref 11), and might also be used for the wet plume in some
circumstances,

The transmittance for the dark plume case may he approximated from
the Beer-Lambert Law, thus;

Tr = exp - (Sp “w,oDs) (35)

The value of 3,, of course, is difficult to evaluate accurately.
A value of 400 cm?/g, based on 38 micron spheres, is probably a
conservatively high estimate, since the extinction efficiency is
probably less than unity, On the other hand, the diameters might be
less than 38 microns.

The value of wy , can be deduced from

= W,0
uw’o —V—I—-

B (36)

For both the black and the white plume calculations, it is
appropriate to use the largest stack dimension for the stack diameter.
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L. SAMPLE CALCULATIONS

A, INPUT DATA¥

Engine:

Fuel Rate:

Fuel Heating Value:
Fuel/air Ratio;

Dilution Ratio (Augmentor)
Emission Factors:

F100-PW100
10300 1b/hr; H/C = 2,02

19,000 Btu/lb

0,013

1,85

(1/1000 1b of fuel)

HC; 0,30; CO; 9,.5; NO: 231.T;
NOo: 45,1; 800: 0.1; 803: 1.1

Smoke No = 45,1 @ W/A = 0,023 1b/in2

Cooling Water Flow

Augmentor Dimensions

Throat diam; 6 ft
Diffuser diam: 8 ft
Diffuser length 30 ft

Discharge Stack Dimensions:

300,000 1b/hr (600 gpm)

12 parallel channels, each 17.5 inches wide by 13,5 ft long
and 13.0 ft deep., (Total wall area ~ 236 ft2),

Ambient temperature
Barometric Pressure
Relative humidity

80°F (26.7°C)
1 std atm
50 percent

*This data set is approximately as given for "Run 127" of Ref 3.

B, COMPUTE SATURATION TEMPERATURE

(Compute diffuser temperature, since diffuser pressure is assumed to

be barometric pressure),

h = 0,017 mole water vapor/mole air
mg = 288.2 kg/s; F = 1,30 kg/s

Cpg 4

= 6,95 cal/g mole °K = 1003 j/kg °k
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Cpy = 0,4k cal/g %Kk = 1842 j/kg °K

4187 j/kg °k

n

Cpy = 1,0 cal/g %K

1047 Btu/lb = 2,435 x 10° j/ke

n

AH20
FQ

Simultaneously satisfy eqns (4), (8), and (9) by iterative cal-
culations

1,957 x 108 Btu/hr ~ 5,74 x 10” §/s

n

i 'é,‘. .

we2mp-F 3 o r+¥ 060 4m ,
29 2 12+ 18 I§

Vg = 0,816 x T m3/s (T in °K)

V, = 0.0046 x m,T m3/s (T in K, m, in kg/s)

M, = 37.8 - m, ke/s

Assume T = 400C

1]

Vg = 0,816x(L40+273) = 255,4 m3/s

Ug 54.7 m/s (ignores water volume)

5.74% x 107 = (40-26,7) 1003 x 288.2 + 1842 m_ + 4187x(37.8-m.) +
my -,
2,435 x 106 m, + 