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Frost formation of air-to-air heat pump evaporator surfaces reduces unit efficiency and
restricts geographic application. The use of a fluidized bed heat exchanger as an air-to-heat
pump evaporator was investigated to determine if frost accumulation could be eliminated.
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INTRODUCTION

One problem associated with air-to-air heat pumps is the accumula-
tion of frost on evaporator heat exchanger surfaces. Such accumulations
reduce heat pump operating efficiency by insulating heat exchanger
surfaces and restricting heat exchanger air passages, resulting in the
necessity for evaporator defrosting. Theoretically, a fluidized bed
heat exchanger can eliminate the frost accumulation problem.

The Naval Civil Engineering Laboratory (NCEL) initiated an
Independent Exploratory Development project to investigate the applica-
tion of a fluidized bed heat exchanger as an evaporator for an air-to-air
heat pump. The objectives of the investigation were to identify the
conditions under which conventional air-to-air heat pumps experienced
evaporator frost accumulations and then to determine if a fluidized bed
heat exchanger could solve the frost problem.

Published sources provided the frost formation criteria needed to
complete the first objective. A fluidized bed heat exchanger was then
constructed, and its adaptability to heat pump applications was evaluated
at NCEL. One characteristic observed - moisture accumulation from
condensation within the fluidized bed - prevents adaptation of fluidized
bed heat exchangers to air-to-air heat pumps.

FROST ACCUM1ULATION WITH CONVENTIONAL AIR-TO-AIR HEAT PUMP

Frost accumulation with the air-to-air heat pump evaporator is
dependent upon evaporator design, refrigerant temperature, ambient air
temperature, and ambient relative humidity. The severity of frost
formation increases with increases in the relative humidity and with
decreases in ambient air temperature until slightly below 320F. Below
about 290F, the rate of frost formation decreases.

The actual rate at which frost accumulates for any given ambient
air temperature and humidity is dependent upon evaporator design and
refrigerant temperature. For instance, an evaporator with closely
spaced fins will accumulate frost at a different rate than one with
wider fin spacing.

Evaporator frost formation rates are presented graphically in
Figure 1 and are tabulated in Table 1. The frost formation rate data
are based upon frost accumulation characteristics of several couumer-
cially produced heat pumps. Normalized frost formation rates were used
to allow a comparison dependent only upon ambient air temperature and
humidity. Typically, frost accumulations are sufficient to require
evaporator defrosting from every 45 minutes (100% relative humidity at
290F) to every 6 hours (707. relative humidity at 43*F).

Two methods for evaporator defrost are available: use of rever-
sible units or use of nonreversible heat pumps. Reversible units defrost
by reversing refrigerant flow in the system (Figure 2). The heat pump
evaporator becomes a condenser and vice versa. During the defrost
cycle, hot refrigerant vapor is pumped through the evaporator, and the
frost accumulation is melted while the cold refrigerant is pumped through



Sthe condenser. Heat is transferred from heated spaces to the outdoors
for ice melting. Thus, to maintain the required level of heating during
the defrost cycle, supplemental heaters, usually electric resistance
type, are used to provide building heating and to replace the heat
transferred for defrosting. Nonreversible heat pumps utilize evaporator
heaters to remove frost. Several problems are associated with evaporator
heaters such as decreased evaporator heat exchange efficiency and
reliability; therefore, reversible cycle heat pumps are typically used.

FLUIDIZED BED HEAT EXCHANGER

The fluidized bed heat exchanger is an approach based on the theory
that if a fluid, at sufficient velocity, is passed through a bed of
solid particles, the drag force on each particle will entrain it in the
fluid flow. Under certain conditions, a bed of solids mixed with moving
air, or some other fluid, can attain the physical properties of a fluid.
The bed of solids, under these conditions, is known as a fluidized bed.
Objects with densities less than the fluidized bed will float while
objects with densities greater will sink. Waves can be formed and are
propagated as they are in most fluids.

Heat transfer in a fluidized bed is based upon conduction and
convection. For the heat pump evaporator application, heat is trans-
ferred to a tube containing a cold fluid (refrigerant) from the warmer
fluid (air) used to fluidize the solid particles via the following:

" conduction - contact between the solid particles and the tube,
or by particle contact with one another

" convection - by air passage over the tube or by air passage over
the particles

*One characteristic of a fluidized bed is that its temperature is essen-
tially homogeneous; another is the large total surface area associated
with the bed particles. Although the heat transferred by any one particle
is small, the total heat transfer rate of a fluidized bed is great
because of the large number of particles involved. Heat transfer
coefficients of 10 to 200 times greater than for air-to-liquid heat
exchangers are typical.

When a fluidized bed heat exchanger is used to transfer heat from
the fluidization fluid (air) to a colder fluid within the bed (refrigerant)
the following relationship exists:

T a > Tb > Tr

where: T =ambient outside air temperature
a

T b fluidized bed temperature

T =refrigerant temperaturer
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A fluidized bed heat exchanger test prototype (Figure 3) was con-
structed at NCEL to provide data for application as an evaporator for an
air-to-air heat pump. A medium pressure blower (2-1/2 inches of water)
was used to fluidize a 1-1/4-inch bed of aluminum oxide particles whose
diameters were less than 0.05 inch. A perforated brass plate with
1,479 holes/in.2 (hole diameter of 0.016 inch) was used as an orifice
plate. A finned tube heat exchanger with 1-inch fins (10 fins/in.) and
a 3/8-inch-diam tube was used as the heat exchanger. Low outside air
temperature was simulated by placing the fluidized bed heat exchanger
test unit inside the NCEL cold test chamber. Refrigerant for the heat
exchanger was supplied by a 1/3-hp R-12 compressor and condensing unit.

The fluidized bed blower requires more energy than required for a
conventional air-to-air heat pump blower. Much of the additional energy
is transformed to heat in the pressurized air and is recovered by the
evaporator. Thus, the net energy consumption of the fluidized bed
evaporator should be comparable to that of a conventional unit.

FLUIDIZED BED HEAT PUMP EVAPORATOR EVALUATION

Two configurations of a fluidized bed evaporator were evaluated.
The first evaporator configuration used a finned tube while the second
used a bare tube. Frost formation on the evaporator, with and without
the fluidized bed, was evaluated for each configuration.

The conventional finned tube evaporator experienced frost formation
over a wide range of ambient conditions (600F at 40% relative humidity
to 230F at 90% relative humidity). However, no frost accumulation was
observed for the fluidized bed finned tube configuration when the fluidized
bed temperature was less than 320F. Operation of the fluidized bed
evaporator with a fluidized bed temperature greater than 320F resulted
in moisture accumulation from water vapor condensation within the bed.
The moisture caused the aluminum oxide bed particles to adhere to one
another and form large lumps. This effect reduced the total particle-
surface-area to weight ratio and the drag lift being provided by the air
from the blower. Fluidization of the bed terminated and "blowouts"
(free air channels through the bed) occurred. The stationary moist
lumps of aluminum oxide in contact with the finned tube evaporator

* surfaces rapidly froze.
Frost accumulation for the bare tube evaporator was similar to that

of the finned tube except that the frost formation rate was more rapid.
* This occurred because the heat exchange rate for the bare tube was less

than the finned tube. Operation of the bare tube fluidized bed evaporator
with a bed temperature greater than 320F resulted in bed moisture accu-
mulation, lumping, termination of particle movement, blowouts, and bed
freezing. However, unlike the finned tube fluidized bed evaporator, the >
bare tube configuration had a thin layer of frost accumulating on the
downstream side of the tube when the bed temperature was less than 32*F.

Problems in maintaining fluidized bed stability were experienced
throughout the fluidized bed evaluation. These problems were based upon
uneven air flow distribution and edge effects caused by heat exchanger
surfaces and the outer walls of the fluidized bed container. The air
distribution problem is common in fluidized beds but is solvable with

3



existing fluidized bed technology. The heat exchanger edge effects
resulted from a large exchanger-dimension/bed-depth ratio and the use of
a horizontal heat exchanger.

Figures 4 through 8 show the fluidized bed test unit operating in
the NCEL cold test chamber: Figure 4, side view of the unit; Figure 5,
end view of the unit; Figure 6, frost accumulation on a conventional
finned heat exchanger; Figure 7, a fluidized bed in operation; and
Figure 8, bare tube heat exchanger surfaces within the fluidized bed.

Several concepts were evaluated to attempt to solve the moist bed
problem. Maintenance of a bed particle/air temperature below 32*F for
all ambient conditions requires compressor operating pressures and
evaporator control which are not practical. Reversing the refrigerant
flow cycle to dry the moist bed provides no advantage over existing

* reverse-cycle air-to-air heat pumps. Termination of refrigerant flow
with the air blower still fluidizing the particle bed will reduce the
bed moisture content, but this consumes extra energy, is difficult to
control, offers little or no advantage over existing heat pumps, and is
not practical for ambient conditions having a high relative humidity.

Two other possible solutions to the bed moisture problem received
only cursory evaluation: use of nonlumping bed materials or ultrasonics.
Nonlumping bed materials were not actually evaluated. However, the
addition of moisture to the fluidized bed increases the weight of material

* to be fluidized and the air pressure required for fluidization. The air
pressure required for fluidization is dependent upon the bed weight. A
variable pressure blower and a pressure control system would be required
but such requirements will increase the cost and complexity of the

* fluidized bed exchanger to where it may not be competitive with conven-
tional units.

The use of ultrasonics may provide a method to maintain moist bed
stability. As in the previous concept a variable pressure blower and
controls will be required. This concept also increases the cost and
complexity of the fluidized bed evaporator. However, ultrasonics may
provide an independent method to prevent frost accumulations on conven-
tional air-to-air heat pump surfaces. An investigation of ultrasonics
and air-to-air heat pump evaporator frost elimination is recommended.

CONCLUSIONS

Bed Stability

Fluidized bed instability occurred often and resulted from the
* moisture accumulations, uneven air distribution, and bed configuration.

Air distribution problems, which are caused by unlevel beds and
unbalanced air passages, are correctible through design and air balance
baffles. This is an engineering design problem and does not require
research effort.

The bed configuration problem is normally a design problem for most
fluidized bed applications. However, since this work is concerned with

* heat pump applications and, specifically, with improvement of heat pump
efficiency, existing fluidized bed heat exchanger designs are not adequate.

S 4



The conventional design solution to the moisture accumulation
problem would be to use a high pressure blower and vertical heat
exchanger, but high pressure blowers are expensive and consume large
amounts of energy. For successful adaptation of fluidized bed technol-
ogy to air-to-air heat pumps, the total energy used for the fluidized
bed exchanger must be low enough to justify the potential increased
equipment cost. The use of low to medium pressure blowers reduces the
amount of energy required and lowers equipment cost; however, the use of
lower air pressures reduces the potential bed depths and requires the
use of horizontal heat exchanger surfaces. The tube-diameter/bed-depth
ratio used for the test unit was 0.375, which was too large and often
induced blowouts. Further work is required to determine the ratio of
optimum heat exchanger diameter to bed depth and particle size heat
exchanger depth in the fluidized bed, and the ratio between the space
between heat exchange tubes, tube depth, and particle size.

Bed Moisture Accumulation

Fluidized bed moisture buildup occurred when bed particle tempera-
tures were greater than 32*F. This resulted from water vapor condensation
and produced negative effects. Damp aluminum oxide particles stick to
each other, reducing the particle surface area and the drag lift provided
by the air flow through the bed. It was found that eventually, particle
movement stopped and the fluidized bed action terminated. Then blowouts
occurred and the stationary damp aluminum oxide froze. No solution was
found for the bed moisture accumulation problem.

Fluidized Bed Air-to-Air Heat Pump

The adaptation of fluidized bed technology to air-to-air heat pump
systems is not feasible because of the effects of bed moisture accumulation.
Several potential methods to negate the moist bed effects were evaluated,
but no practical solution was developed. Further effort related to the
use of a fluidized bed to solve the air-to-air heat pump evaporator
frost accumulation problem could not be justified and the project was
terminated.
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Table 1. Heat Pump Frost Formation Rates a

Normalized Rate of Frost Formation at--

Temeraur 70% 80% 90% 100%
(0)Relative Relative Relative Relative

Humidity Humidity Humidity Humidity

45 --- -0.30

3 44 -- 0.20 0.30 -

.0.

41 0.9 0.20 0.34 0.44

32 0.20 0.34 0.69 0.98

29 - 0.71 1.00

28 0.22 - --

26 -- 0.37 --

23 0.20 0.36 0.57 0.74

15 0.12 - --

14 -- 0.24 0.36 0.41

aBaks indicate that data were not available at those
temperatures.
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Figure 2. Reversible heat pump.
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Figure 6. Frost accumulation, conventional finned tube evaporator.
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Figure 7. Fluidized bed, top view.
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Figure 8. Fluidized bed, bare tube.
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NAVCOMMAREAMSTRSTA PWO. Norfolk VA: SC'E Unit I Naples Italy: SUE. Wahiawa HI1
NAVCOMMSTA Code 401 Nea Makri. Greece: PWD - Maint Control Dis'. [Diego Garcia Is.: PWO. Exmouth.

Australia: SCE. Balboa. CZ
NAVCONSTRACEN Curriculum'lnstr. Stds Offr. Giulfport MS
NAVEDTRAPRODEVCEN Technical Library. Pensacola. FL
NAVEDU rRACEN Engr Dept (Code 42) Newport. RI
NAVEODTECHCEN Code 605. Indian Head MD
NAVFAC PWO. Brawdy Wales UK: PWO. Centerville Bch. Ferndale CA: PWO. Point Sur. Big Sur CA
NAVFACENGCOM Alexandria. VA: Code 013 Alexandria. VA: (Code 013T (Essoglou) Alexandria. VA: Code

(143 Alexandria. VA:. Code (044 Alexandria, VA: Code 013B3 Alexandria. VA: Code t05IA Alexandria. VA:
Code 09M54. Tech Lib. Alexandria. VA: Code I(X) Alexandria. VA: Code 1113. Alexandria, VA: Code
II lB Alexandria. VA: code (08T Alexandria. VA

NAVFACENGCOM -CHES DIV. ('ode 403 Washington DC: FPO-I Washington. DC': Library. Washington,
D.C.

* NAVFACENGCOM -LANT DIV. Code III, Norfolk. VA: Code 4013. Norfolk. VA: Eur. BR Deputy. Dir.
Naples Italy. Library. Norfolk. VA:. RDT&ELO l12A. Norfolk. VA

NAVFACENGCOM - NORTH DIV. Code (14 Philadelphia. PA: Code 019P Philadelphia PA: Code III
*Philadelphia. PA: Code (MAL. Philadelphia PA: ROIC. Contracts. Crane IN

NAVFACENGCOM - PAC DIV. (Kyi) Code 10)1. Pearl Harbor. HI: CODE 019P PEARL HARBOR HI: Code
4012. RDT&E. Pearl Harbor HI. Commander. Pearl Harbor. HI: Library. Pearl Harbor. HI

NAVFACENGCOM - SOUTH DIV. Code 403. Gaddy. Charleston. SC:. Code 901. RDT&ELO. Charleston SC:
Library. Charleston. SC

NAVFACENGCOM - WEST DIV. AROICC. Contracts. Twentynine Palms CA:. Code ("4B San Bruno. CA:
Library. San Bruno. CA; 09P/201 San Bruno. CA: RDT&ELO Code 2(011 San Bruno. CA

NAVFACENGCOM CONTRACTS AROICC. NAVSTA Brooklyn. NY: AROICC. Quantico. VA: Contracts.
AROICC. Lemoore CA: Dir. Eng. Div.. Exmouth. Australia: Eng Div dir. Southwest Pac. Manila. PI:

01CC. Southwest Pac. Manila. PL: OICC-ROICC. NAS Oceana. Virginia Beach. VA: OICROIUC'.I

Balboa Panama Canal, ROICC AF Guam: ROICC Code 495 Portsmouth VA: ROIC(' Key West FL:
ROICC MCAS El Toro: ROICC. Keflavik. Iceland: ROIUC'. NAS. Corpus Christi, TX: ROICC. Pacific, San
Bruno CA: ROICC. Yap: ROICC-OICC-SPA. Norfolk. VA

*NAVHOSP PWD Engr Div. Beaufort, SC
NAVMAG PWD. Engr Div. Guam: SCE. Subic Bay. R.P.
NAVOCEANSYSCEN Code 4473B (Tech Lib) San Diego. CA: Code 523 (Hurley). San Diego. ('A: Code 67m,)

San Diego. ('A: Code 811 San Diego. CA
NAVORDMISTESTFAC PWD - Engr Dir. White Sands. NM
NAVORDSTA PWD -Dir. Engr Div. Indian Head. MD; PWO. Louisville KY

NAVPETRES Director. Washington DC
NAVPHIBASE CO. ACB 2 Norfolk. VA: SUE Coronado. SD.('A
NAVREGMEDCEN PWD -Engr Div. ('amp Lejeune. N(': PWO. (Camp Lejeune. NC
NAVREGMEDCEN PWO. Okinawa. Japan
NAVREGMEDCEN SCE: SCE San Diego. CA: SCE. ('amp Pendleton CA: SC'E. Guam: SC'E. Newport. RI:

SCE, Oakland CA2
NAVREGMEDCEN SCE. Yokosuka. Japan
NAVSCOLCECOFF C35 Port Hueneme. ('A
NAVSCSOL PWO. Athens GA
NAVSEASYS('OM Code (032.5. Program Mgr. Washington. DC: ('ode PMS 393 A 3. Washington. DC: SEA

04E (L Kess) Washington. DC
*NAVSECGRUA('T PWO. Adak AK: PWO. EdzelI Scotland: PWO. Puerto Rico: PWO. T'orni Sta. Okinawa

NAVSECSTA PWD - Engr Div. Wash.. DC
NAVSHIPYD Code 2012.4. Long Beach ('A: ('ode 2012.5 (L~ibrary) Puget Sound. Bremerton WA: ('ode 3801.

Portsmouth. VA: Code 382.3. Pearl Harbor, HI: ('ode 4(g). Puget Sound: ('ode 4401 Portsmouth Nil: ('ode
440). Norfolk: ('ode 440,. Puget Sound. Bremerton WA: ('ode 453 (Util. Suprl. Vallejo CA: Librarv.
Portsmouth NH:- PW Dept. Long Beach. ('A: PWD (('ode 4201) Dir Portsmouth. VA: PW) (C'ode 450t.IID)
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Portsmouth. VA: PWU) ((Code 453-Ill)) SFIP( 03. Poit'mouth. VA: P'..%O lirererton. AA:P\\( MaN~rc
* Is.. PWO. Puget Sound: SCE. Pearl Harbor III

-NAVSTA Adak. AK: CO. Brooklsn NY: ('ode 4, 12 Marine C'orps IDit. I'reasurc I,. San Iriancisco CA: lDii
Engr Div. PWD. Mayport FL.: lir Nlech Engr 37\%'0J3 NorflIk. VA: Engr. D~ir.. Rota Spain: Long Beach.
CA-. Maint, Cont. Div.. Guantanamo Bay. Cuba: PWI) - F(Engr D~ept. Adak. AK: P'WI - Engr Di%. Nlid\%it\

Is.:PWO Kefa~i Iceand PW . aport FL: SCE. (iuani: S(1. Pearl [arbor IIl: SUE. San L~g (A:

SCE. Subic Bay. 'R.P.: Utilities Engr Off. Rota Spain
* NAVSUPPACU CO. Naples. Italy: PW() Napks, h~al

NAVSUPPFAC PWD - Maint. Control Di%.. Thurmont. MD)
- NAVSLJRFWPNCEN PWO. White Oak. Silver Spring. Nil)

NAVTECH'rRACEN SCE. Pensacola FL
NAVTELCOMMCONI Code 53. Washington. DC
NAVWPNCEN ('ode 263(1 China Lake: Code 3803 China Lake. (A: P\%N( (Code 266) (China Lake. (A: ROIC('

* (Code 702). China Lake (CA
- NAVWPNSTA (Clebak) ('olt% Neck. NJ: Code 092. Concord CA: ('ode IIL2A. Seal Beach. ("A
* NAVWPNSTA PW Office Yorktown. VA
* NA~vWPNSTA PWD - Maiint. Control Di%... C'oncord. (CA: PWI) - Supr (Gen Ener. Seal Beach. (A: P\\W0,
* Charleston. SC: PWO. Seal Beach (CA

* NAVWPNSUPPCEN ('ode 69~ Crane IN
NCTC Const. Elec. School. Port Fluenemne. (CA

* ~NCBC Code 101 Davisville. RI: ('ode 15. Port Hueneme ('A: ('ode 155. Port Hluenemne (CA: ('ode 156. Port
Hueneme. CA: ('ode 25111 Port Hlueneme. ('A: (Code 430 (PW Engrng) Giulfport. NIS: ('ode 470.2.

* ~Gulfport. MS: NEESA ('ode 252 (P Winters) Port Huenemne. ('A: PW( (('ode 80I) Port Hlueneme. ('A:
* PWO. Davisville RI: PWO. Guilfport. NIS

- NMCB FIVE. Operations Dept: THREE. Operations Off'.
NOAA (Dr. T. Me Gjuinness) Rockville. MD: Lihrar% Rockville. MI)
NRL Code 58WX Washington, DC

* NROTC J.W. Stephenson. UC. Berkeley. CA
NSC Code 54.1 ',orfolk. VA

* NSD SCE. Subic Bav. R.P.
* NSWSES Code (11511 Port Hueneme. ('A
* NUSC Code 131 New London. ("F: ('ode 52012 (S. Schadv) Neu Londoni. ('T: ('ode EA123 (R.S. Mlunn). New%

London CT: ('ode SB 331 (Brown). Newport RI
OFFICE SECRETARY OF DEFENSE OASD (MRA&1L) Dir. of Energy. Pentagon. Washington. D)C
ONR Code 221. Arlington VA. ('ode 700)F Arlington VA

* PACMISRANFAC HI Area Bkg Sands. PWO Kekaha. Kauai. HI
I PHIBCB I P&E. San Diego. CA

PWC ACE Office Norfolk. VA: CO Norfolk. VA: CO. (('ode 111). Oakland. ('A: ('0. Gireat Lakes IL: ('0.
Pearl Harbor HI: Code Il0. Great Lakes. IL: Code 1015 Oakland. ('A: ('ode 1l10. Great Lakes. IL:- Code 1101.
Oakland. CA: Code 1201. Oakland CA: Code 154 (Library). Great Lakes. IL~: ('ode 2W1(. Gireat Lakes II-:
Code 4WX. Great Lakes. IL: Code 4WX, Oakland. CA: Code 4M,(1 Pearl Harbor. HI: ('ode 44M)1. San Diego.

- CA: Code 420. Great Lakes. IL: Code 42(0. Oakland. CA: Code 424. Norfolk. VA: Code 5W1( Norfolk. VA:
* Code 505A Oakland. CA: Code 6WX. Great Lakes. L: ('ode 6101. San Diego ('a: ('ode 7(1(. Gireat Lakes. IL:
- Library. Code 120C, San Diego. CA: Library. Guam: Library. Norfolk. VA: Library. Pearl Harbor. iII:

Library. Pensacola. FL: Library. Subic Bay. R.P.: Library. Yokosuka JA: Util Dept* (R Pascual Pearl
Harbor. HI: Utilities Officer. Guam

* SPCC PWO (Code 1201) Mechanicsburg PA
TVA Smelser. Knoxville. Tenn.: Solar Group. Arnold. Knoxville. TN
U.S. MERCHANT MARINE ACADEMY Kings Point. NY (Reprint Custodian)
USAF REGIONAL HOSPITAL Fairchild AFB. WA
USCG (Smith). Washington. DC; G-MMT-4/82 (J Spencer)
USDA Forest Service Reg 3 (R. Brown) Albuquerque. NM
USNA Ch. Mech. Engr. Dept Annapolis MD. ENGRNG Div. PWD. Annapolis NMD: Energy-Environ Study

* Grp. Annapolis. MD: Environ. Prot. R&D Prog. (J. Williams). Annapolis MD: Mech. Engr. Dept. (C'.

Wu). Annapolis MD-. USNA/SYS ENG DEPT ANNAPOLIS MD
USS FULTON WPNS Rep. Offr (W-3) New York. NY

* ARIZONA Kroelinger Tempe. AZ: State Energy Programs Off.. Phoenix AZ
AUBURN UNIV. Bldg Sci Dept. Lechner. Auburn. AL
BERKELEY PW Engr Div. Harrison. Berkeley. CA
BONNEVILLE POWER ADMIN Portland OR (Energy Consrv.. Off.. D. Davey)

* BROOKHAVEN NATL LAB M. Steinberg. Upton NY
CALIFORNIA STATE UNIVERSITY LONG BEACH. CA (CHELAPATI)

*CONNECTICUT Office of Policy & Mgt. Energy. Div. Hartford. CTI
* CORNELL UNIVERSITY Ithaca NY (Serials Dept. Engr Lib.)

DAMES & MOORE LIBRARY LOS ANGELES. CA
DRURY COLLEGE Physics Dept. Springfield. MO
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FLORIDA ATLANTIC UNIVERSITY Boca Raton. FL. (McAllister)
FOREST INST. FOR OCEAN & M(OUNTAIN Carson City NV (Studics - Library)
GEORGIA INSTITUTE OF TECINOLOGY (LF R. Johnson) Atlanta. GA- Col. Arch. Bcnton. Atlanta. (A
HARVARD UNIV. Dept. of Architecture. Dr. Kim. Cambridge. MA
HAWAII STATE DEPT OF PLAN. & ECON I)EV. Honolulu III (Tech Into (I 1
IOWA STATE UNIVERSITY Dept. Arch. NcKrown. Ames, IA
WOODS HOLE OCEANOGRAPHIC INST. Woods Hole MA (Winger)
KEENE STATE COLLEGE Keenc Nil (Cunningham)
LEHIGH UNIVERSITY Bethlehem PA (Linderman Lib. No.3. Fleckstcincr)
LOUISIANA DIV NATURAL RESOURCES & ENERGY Di\ Of R&D. Baton Rouge. L.A
MAINE OFFICE OF ENERGY RESOURCES Augusta. ME
MISSOURI ENERGY AGENCY Jefferson ('ity MO
MIT Cambridge MA (Rm 10-5Mt. Tech. Reports. Engr. Lib.): Cambridge. MA (Ilarleman)
MONTANA ENERGY OFFICE Anderson. Helena. MT
NATURAL ENERGY LAB Library. Honolulu. HI
NEW HAMPSHIRE Concord NH (Governor's Council on Energy)
NEW MEXICO SOLAR ENERGY INST. Dr. Zwibel Las Cruces NM
NY CITY COMMUNITY COLLEGE BROOKLYN. NY (LIBRARY)
NYS ENERGY OFFICE Library. Albany NY
OAK RIDGE NATL LAB T. Lund.\. Oak Ridge. TN
PURDUE UNIVERSITY Lafayette, IN (CE Engr. Lib)
SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA. CA (ADAMS)
SEATTLE U Prof Schwaeger Seattle WA
SRI INTL Phillips. Chem Engr Lab. Menlo Park. CA
STATE UNIV. OF NEW YORK Fort Schuyler. NY (Longohardi)
STATE UNIV. OF NY AT BUFFALO School of Medicine. Buffalo. NY
TEXAS A&M UNIVERSITY W.B. Ledbetter College Station. TX
UNIVERSITY OF CALIFORNIA Energy Engineer. Davis CA: I.IVERMORE. ('A (LAWRENCE

LIVERMORE LAB. TOKARZ): UCSF. Physical Plant. San Francisco. CA
UNIVERSITY OF DELAWARE Newark, PE (Dept of Civil Engineering. Chesson)
UNIVERSITY OF FLORIDA Dept Arch.. Morgan. Gainesville. FL
UNIVERSITY OF HAWAII HONOLULU. HI (SCIENCE AND TECH. DIV.)
UNIVERSITY OF ILLINOIS (Hall) Urbana. IL: URBANA. IL (LIBRARY)
UNIVERSITY OF MASSACHUSETTS (Heronemus). ME Dept. Amherst. MA
UNIVERSITY OF NEBRASKA-LINCOLN Lincoln. NE (Ross Ice Shelf Proj.)
UNIVERSITY OF NEW HAMPSHIRE Elec. Engr. Depot. Dr. Murdoch. I)urham. Nil.
UNIVERSITY OF TEXAS Inst. Marine Sci (Library). Port Arkansas TX
UNIVERSITY OF TEXAS AT AUSTIN AUSTIN. TX (THOMPSON)
UNIVERSITY OF WASHINGTON Seattle WA (E. Linger)
UNIVERSITY OF WISCONSIN Milwaukee WI (Ctr of Great Lakes Studies)
ARVID GRANT OLYMPIA. WA
ATLANTIC RICHFIELD CO. DALLAS. TX (SMITH)
BECHTEL CORP. SAN FRANCISCO. CA (PHELPS)
BROWN & ROOT Houston TX (D. Ward)
CHEMED CORP Lake Zurich IL (Dearborn Chem. Div.Lib.)
COLUMBIA GULF TRANSMISSION CO. HOUSTON. TX (ENG. I.IB.)
DESIGN SERVICES Beck. Ventura. CA
DIXIE DIVING CENTER Decatur. GA
DURLACH. O'NEAL. JENKINS & ASSOC. Columbia SC
GARD INC. Dr. L. Holmes. Niles. IL
LITHONIA LIGHTING Application eng. Dept. (B. Ilelton). Coners. GA 30)2)07
MCDONNEL AIRCRAFT CO. (Fayman) Engrng Dept.. St. Louis. MO)
MEDERMOT & ('O. Diving Division. Ilarvey. LA
NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Ncwport Ncws VA (Tech. Lib.)
PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall. WA
PG&E Library. San Francisco. CA
PORTLAND CEMENT ASSOC. Skokie IL IRsch & Dcv Lab. Lib.)
RAYMOND INTERNATIONAL INC. E Collc Soil Tech Dept. Pennsaukcn. NJ
SANDIA LABORATORIES Albuquerque. NM (Vortman): Library Di\.. L-ivermore (A
SCHUPACK ASSOC SO. NORWALK. CT (SCHUPACK)
SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.)
TEXTRON INC BUFFALO. NY (RESEARCH ('ENTER I-lB.)

TRW SYSTEMS REDONDO BEACH. CA (DAI)
UNITED TECHNOLOGIES Windsor Locks C1' (Hamilton Std Div.. Librarv)
WARD. WOLSTENHOLD ARCHITECTS Sacramento, CA
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WESTINGHOUSE ELECTRIC CORP. Annapolis MID (Occanic Di% Lib. Bryan); Lilrar.. tPittburgh PA
WM CLAPP LABS - BATIELLE DUXBURY. MA (LIBRARY)
BRAHTZ La Jolla. CA
FISHER San Diego. Ca
KETRON. BOB Ft Worth, TX
KRUZIC. T.P. Silver Spring. MD
T.W. MERMEL Washington DC
WALTZ Livermore. CA
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