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PROBLEM INTRODUCTION 
AND SUGGESTED USE 

List of Acronyms 
ARI Air Conditioning and Refrigeration Institute 

ASHRAE American Society of Heating, 
Refrigerating, and Air Conditioning Engineers 

AV Adjusted Volume 
CFC Chlorofluorocarbon 

COP Coefficient of Performance 

DSM Demand-Side Management 

EER Energy Efficiency Rating 

CWP Global Warming Potential 

HCFC Hydrochlorofluorocarbon 

HFC Hydrofluorocarbon 

ODP Ozone-Depleting Potential 

PAC Polyalkylene glycols 

RE Refrigeration Effect 
SERP Super-Efficient Refrigerator Program 

The discovery that chlorofluorocarbons (CFCs), widely 
used as refrigerants, are causing ozone depletion, and 
the increasing energy efficiency awareness brought 
about in part by the Green House Effect (caused 
mainly by the burning of fossil fuels) necessitates a 
significantly different approach to the design of a 
refrigerator. This case study will address these 
important and current topics as well as  the more 
traditional topics involved in the design of a refrigera- 
tion system. The following is an outline of the three 
sections in this case study. 

SECTION I: Problem Statement 

The recently announced "Golden Carrot Program" to 
develop a super-efficient refrigerator will be used as  
the problem statement. The Super Efficient Refrigera- 
tor Program, Inc. (SERP), a consortium of over thirteen 
electric utilities, has announced n bonus of $30 million 
to be awarded to the manufacturer that develops and 
markets by 1995, a CFC-free refrigerator that is 25-50% 
more efficient than the 1993 federal efficiency stan- 
dard. The bonus would be paid per refrigerator sold, 
at $50 per 100 KWh/year energy savings over the 1993 
federal standard. A benefit of using this context to 
pose the design problem is the introduction of the 
concept of Demand-Side Management (DSM). 

The problem is posed in the form of two memos. The 
first introduces the regulatory pressure driving the 
conversion to the CFC-free energy efficient refrigera- 
tor. Manufacturer-supplied information in Appendix 
A may be used to supplement this memo. The second 
memo provides design specifications which can be 
used by the students to begin work on the problem. 
Material from Appendix B may be given to the 
students at the discretion of the instructor. 

SECTION II: Teaching Aids 

These are summaries of topics which are either directly 
related to the design project or beyond the scope of this 
design but also very important in that they provide 
either a background for the design or a future direc- 
tion. These may be given before the design project is 
started or as it progresses. The following is a brief 
description of these teaching aids: 
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A BRIEF HISTORY OF REFRIGERATION 

A brief survey of refrigeration technology from snow 
use in ancient times to the current phaseout of CFCs. 

REFRIGERATOR FEATURES 

A Consumer Perspective: a survey of design features 
that consumers are usually most concerned with: 
reliability, appearance, noise, access, smells, initial 
cost, operating cost, defrost system, temperature 
uniformity, safety, environmental impact, etc. 

THE OZONE DEPLETION PROBLEM 

The problem and how it was discovered. Mechanism 
of ozone depletion by CFCs. Ozone Depletion Poten- 
tial (ODP) of current and prospective refrigerants. 

GLOBAL WARMING 
AND THE REFRIGERATOR 

The Green House Effect and gases contributing to it. 
Global Warming Potential (GWP) of current and 
prospective refrigerants. Energy consumption and its 
relation to the green house gases. 

CHOOSING A REFRIGERANT 

Criteria that help determine which refrigerant may be 
used: safety, thermodynamic efficiency, compatibility 
with compressor oil and material of construction, ODP, 
GWP, cost, availability, etc. Some potentially good 
choices for a refrigerant. 

FACTORS WHICH INFLUENCE THE ENERGY 
CONSUMPTION OF A REFRIGERATOR 

Insulation and gaskets, CFC-free insulation, refrigera- 
tion cycle used, electrical components. 

LIFE CYCLE DESIGN 

Introduction to the concept of life cycle analysis as 
taking a literally global perspective when evaluating a 
production process. The material in Appendix C, 
which gives more details on the subject, may be given 
to the students. 

SECTION Ill: Design Problem Solution 

This section places more emphasis on comparing 
different alternatives and showing their advantages 
and disadvantages rather than concentrating on a 
single design. An attempt was made to keep the focus 
on energy efficiency and CFC replacement as it affects 
energy efficiency. Graphs which can be easily used to 
consider a multitude of options are included in this 
section. Hopefully they will give the inshuctor and the 
student insights into the interplay of the environmen- 
tal and design issues. 
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Section I: 
Problem Statement 

Frigid Whirl Corporation 

Ann Arbor, Michigan 

INTEROFFICE MEMO 

DATE: December 2,1992 

TO: J. Jones 
Senior Research Engineer 

FROM: S. Naser 
Manager. Project Development 

RE: Design of a new energy efficient CFC-free refrigerator. 

As you know, the mounting evidence that Chlorofluorocarbons (CFCs) are causing Stratospheric ozone depletion has 
increased the pressure to discontinue their use. This drive to phase out CFCs is consistent with both our corporate 
policy - we have to take care of our planet - and external demands from regulatory and public interest groups. As of 
July 1992, venting of CFCs to the atmosphere is illegal.' Pressure is also increasing to not even consider what we had 
counted on as short term substitutes (because of their lower ozone depletion potential) to CFCs: 
Hydrochlorofluorocarbons (HCFCs). I have enclosed some information furnished to us by two of our suppliers, Du Pont 
and ICI Americas, on the regulations regarding CFCs and HCFCs. 

The recent Copenhagen meeting held in November 1992 to revise the Montreal protocol has accelerated the phaseout 
of CFCs and brought the schedule for this change more in accord with the deadline President Bush announced in 
February of 1992 for the U.S. CFC production must drop to 25% of 1986 levels by January 1994 and is to be stopped 
completely by January 1996. According to the Air-conditioning and Refrigeration Institute (ARI), current world con- 
sumption is already below 50% of 1986  level^.^ As for HCFCs, they are to be completely phased out by the year 2030. 

Based on these developments and our emerging pollution prevention policy, management has decided that the 
domestic refrigerator that we manufacture is not to use or contain any CFCs or HCFCs. 

I would like you and your team to investigate alternative refrigerants for use in our product. Management is considering 
participating in an incentive program which takes the form of a competition for a $30 million prize. The goal is to design 
and build the most energy efficient, CFC-free domestic refrigerator on the market.= I will provide you with more detailed 
information as soon as a decision is made. 
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Ann Arbor, Michigan 

INTEROFFICE MEMO 

DATE: December 9, 1992 
TO: J. Jones 

Senior Research Engineer 
FROM: S. Naser 

Manager. Project Development 
RE : Further information regarding the design of a new energy efficient CFC-free refrigerator. 

Management has approved our participation in the 'Golden Carrot Program," a competition organized by the Super- 
Efficient Refrigerator Program, Inc (SERP). SERP is a consortium of several utility companies, including Pacific Gas 
and Electric Co., Southern California Edison Co., Long Island Lighting Co., Bonneville Power Administration, PacifiCorp, 
Sacramento Municipal Utility District, the Los Angeles Department of Water and Power, Jersey Central Power and 
Lighting Co., New England Electric Sewice, and the Wisconsin Center for Demand-Side-Management Research (itself a 
group of Wisconsin utilities). These utilities have already pledged $30 million as part of an effort to reduce energy 
consumption, a practice called Demand-Side-Management. This particular initiative is designed to encourage the 
development and immediate production of an energy super-efficient, CFC-free domestic refrigerator. 

Under this program, the winner of the competition will receive a rebate from SERP of $50 per 100 KWh/year energy 
savings over the 1993 federal standard4 (to be detailed below) per refrigerator sold. The company will be required to 
initially supply at least 100,000 units, to be allocated to the regions of the participating utilities in proportion to their 
contribution to SERP. Units could be sold in other areas, but rebates would not apply to those sales. The units must 
have automatic defrost and have a capacity of between 17.5 and 22.4 ft3.5 The manufacturer must have a prototype 
ready by April 1993 and, if awarded the contract. start shipping units as early as 1994.O 

I would like you to redesign our 18 ft3 top-of-the-line model GF-222 refrigerator, equipped with a top-mounted freezer 
which currently uses CFC-12. Since Marketing reports that this model is selling well, we want to retain its following 
features: 
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Volume 
Freezer: 5.0 fI3 
Fresh Food Section: 13.0 ft3 

Normal Operation Design Conditions: 
Freezer Temperature: 5 OF 
Fresh Food Temperature: 38 OF 
Ambient Temperature: 90 OF 
Pull Down Time: 2 minutes 

Pull Down Time is defined as the time it takes to cool the air inside of the refrigerator from ambient to design conditions. 
The estimate given here is based on literature values for an empty cabinet. 

The refrigerator must be able to operate satisfactorily at the following extreme conditions: 
Freezer Temperature: 0 OF 
Fresh Food Temperature: 37 OF 
Ambient Temperature: 110 OF 

These extreme conditions are often used by consumer groups7 to rate refrigerators from different manufacturers. 

The federal standard referred to above is the Department of Energy (DOE) level 4 energy efficiency standard4 which 
beginning in 1993 requires new refrigerators with automatic defrost to have the following maximum energy consump- 
tion: 

KWhIyear = 329 + 11 -8 x AV 
where the Adjusted Volume (AV) is defined as: 

AV = volume of fresh food comparlment + 1.63 x volume of freezer 

These standards are based on DOE simulations8 for refrigerators which utilize better insulation and more efficient 
compressors than are conventionally used. 

I have attached some technical data from our labs and some materials furnished by our supplier which I believe will be 
of use to you. You should determine what changes we need to make in our refrigerator to both meet the specifications 
above without using CFCs or HCFCs, and produce a refrigerator with an energy efficiency that can make our company 
competitive in the "Golden Carrot" contest and still be commercially viable. 
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Nomenclature 

l hi = internal heat transfer coefficient in Btu/hr-ft2-OF 

l U = overall heat transfer coefficient in Btu/hr-ft2-OF 

l m = mass flow rate of refrigerant in lb/hr 

l Cp = heat capacity of refrigerant in Btu/b•‹F 

l p = viscosity of refrigerant in Ib/ft-hr 

l k = thermal conductivity of refrigerant in 
Btu/ ft-hr-OF 

Compressor 

l clearance space = 5% of total volume 

l compressor isentropic efficiency = 70% 

l compressor motor efficiency = 80% 

l volumetric efficiency (excluding losses due to 
clearance volume) = 90% 

l speed = 60 revolutions/second 

Evaporator 

l h, = 515.2 (Cp/p)O.' k0.6 m 

l U = 1/( (0.98/h,) + 0.092) 

l fan power = 10 watt 

CONDENSER 

l hi= 592.5 (Cp/p)O" koA m 

l U = 1 /( (0.86/h,) + 0.079) 

l fan power = 14 watt 

DESUPERHEAT PART OF CONDENSER 

l hi = 10.3 (Cp/p)OI k" m 

l U = 1 /( (0.86/hi) + 0.079) 

Interchanger 

U = 4 0  

14 OF superheating 

DATA ON CURRENT REFRIGERATOR 

l uses R-12 as refrigerant 

l fresh food section insulation is 1.5 inches of R-11 
blown urethane foam 

l freezer insulation is 1.85 inches of R-11 blown 
urethane foam 

l depth: 22.1 inches, width: 26.5 inches, height: 53 
inches 

Anti-sweat Heater 

l on 30% of the time 

l power = 19 watt 

Cabinet Heat Gains 

l internal heat transfer coefficient = 1.0 Btu/hr-ft2-OF 
based on inside area 

l external heat transfer coefficient = 1.47 Btu/hr-f?-OF 
based on outside area 

l freezer gasket heat transfer coefficient = 0.0055 Btu/ 
hr-in-OF 

l fresh food section gasket heat transfer coefficient = 
0.0014 Btu/hr-in-OF 

l gasket heat transfer coefficients are based on gasket 
length 

l ignore corner effects 

l freezer and fresh food section are separated by 3 
inches of insulation 

assume no heat transfer occurs across the insulation 

Pressure Drops 

l ignore pressure drops due to flow 

assume isenthalpic expansion in the expansion valve 
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ASHRAE Journal, July 1992. 
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Energy Efficiency and CFC Phase-out." Appliance 
Manufac turer, April 1992. 

Environmental Protection Agency, Multiple Path- 
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Section II: 
Teaching Aids 

A BRIEF HISTORY OF REFRIGERATION 

People discovered the value of cold environments in 
preserving foods very early in history. The inhabitants 
of Crete were aware of this in 2000 B.C. It is said that 
Alexander the Great had his soldiers served snow- 
cooled drinks in the hot summers of Petra from the 
winter snow stored in trenches covered with branches. 
Many ancient civilizations where snow was not 
abundant used clay pottery, which allows some stored 
water to permeate the surface and evaporate, cooling 
the water inside. In areas where snow was available, it 
was stored for the warmer seasons or transported to 
warmer areas where it could be of more value. An ice 
transport industry flourished in the nineteenth century, 
taking natural ice from North America to the West 
Indies, Europe, India, and Australia. Ice from Norway 
was also transported to the warmer southern parts of 
Europe. The use of natural ice or snow was comple- 
mented by the addition of various salts known since 
antiquity (table salt, salt peter, etc.) which lower the 
freezing temperature of water to a degree that depends 
on the salt and its concentration. This practice com- 
bined with various natural insulating materials 
allowed temperatures below 32 O F  (0 OC) to be achieved 
and maintained. 

The birth of mechanical refrigeration occurred in the 
middle of the eighteenth century when W. Cullen 
demonstrated the making of ice by the evaporation of 
ethyl ether when its pressure was mechanically 
reduced. In 1810, Sir John Lesley used the first sulfuric 
acid-water pair absorption refrigeration cycle to 
produce ice. In 1834, J. Perkins patented the first vapor 
compression machine. He described his invention: 
,What I claim is an arrangement whereby I am enabled 
to use volatile fluids for the purpose of producing the 
cooling or freezing of fluids, and yet at the same time 

constantly condensing such volatile fluids, and 
bringing them again and again into operation without 
waste." It does not seem that Perkins followed 
through on his invention. 

Next came the air cycle (expansion and compression 
only with no evaporation and condensation) refrigera- 
tion machine, invented by J. Gorrie in 1845. Since the 
refrigerant used was air, it did not need to be in a 
closed cycle; thus the cold air was injected into the 
enclosure to be cooled. By 1860 F- Carre was selling 
500-pound-aday ammonia water absorption refrigera- 
tion machines. Interestingly, the source of energy for 
these machines was not mechanical but heat from 
firewood, coal, or gas. The refrigerant, ammonia, goes 
through the same steps it would in a vapor compres- 
sion cycle except that there is no compressor. The 
ammonia vapor is condensed under elevated pressure 
in a condenser which rejects heat to the atmosphere, 
and then the liquefied ammonia is expanded through a 
capillary tube into the evaporator where it absorbs 
heat, producing the refrigeration effect and becoming a 
gas. The ammonia gas is then mixed with water where 
it is absorbed and rejects its heat of solution. The 
ammonia-rich solution is pumped to the generator, 
where a high temperature heat input causes the 
ammonia to desorb under elevated pressure. This high 
pressure ammonia gas goes to the condenser and 
repeats the cycle, while the weak ammonia solution is 
returned to the absorber and repeats its cycle. 

The first commercial application of the vapor compres- 
sion cycle occurred in the middle of the nineteenth 
century and was pioneered by A. Twining and J. 
Harrison, who used ethyl ether as the refrigerant. 
Since then, various refrigerants were used: carbon 
dioxide (T. Lowe, 1866), ammonia (D. Boyle, 1872), and 
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sulfur dioxide (R. Pictet, 1874). By the end of the 
nineteenth century electricity was being used to power 
refrigeration machinery. The first automatic house- 
hold refrigerator, using sulfur dioxide, debuted in 
1918. By 1930 chlorofluorocarbons (CFCs) had been 
proposed and demonstrated. Since then, CFCs have 
replaced all other refrigerants in vapor compression 
cycle-based machines. 

REFRIGERATOR FEATURES: 
A CONSUMER PERSPECTIVE 

Refrigerator Types 

The most popular type of refrigerator has the freezer 
occupying the top section (top mounted freezer). This 
type of refrigerator is available with the widest 
selection of capacities, styles, and features. It generally 
costs less to operate than other types of refrigerators 
with similar features and capacities. Its claimed 
capacity comes closest to matching its actual capacity. 
The eye-level freezer makes things in it easy to reach 
while making vegetables and other items normally 
stored in the bottom shelves harder to reach. This type 
of refrigerator has wide shelves which makes things 
easy to reach in general. 

The second most popular refrigerator is the side-by- 
side type, in which the freezer is located vertically, 
beside and along the fresh food compartment. It is 
slightly more expensive to run than the top freezer 
models. Its freezer is larger than comparable top or 
bottom freezer models. Easy access is distributed 
between the freezer and fresh food section. Shelves are 
narrower, however, making things harder to reach. 

The least popular refrigerator type has the freezer 
occupying the bottom part of the refrigerator. Bottom 
freezer models of this type are not available in as wide 
a selection and features as the other two models. This 
type of refrigerator is most likely more expensive to 
buy and to operate. The fresh food section is easier to 
reach while the freezer is not. A necessary pull-out 
basket in the freezer reduces its capaaty. 

A Refrigerator's Important Features 

TEMPERATURE BALANCE 

A refrigerator should be able to maintain a freezer 
temperature of anywhere between 0-5 OF and a fresh 

food compartment temperature of 37 to 38 OF. 

TEMPERATURE UNIFORMITY 

Unless a refrigerator can maintain a uniform tempera- 
ture in its interior, some foods will freeze when they 
are not supposed to and others will me1 t. Consumer 
Reports tests' indicate that top freezer type models are 
best in this regard. 

TEMPERATURE COMPENSATION 

A refrigerator should have enough reserve capacity to 
cope with unexpected adverse conditions such as a 
summer heat wave or a not completely closed door. 

ICE MAKING 

The freezer should be able to make ice within a 
reasonable time. Consumer Reports rates 4 hours as 
excellent and 8 hours as excessively long. 

CONDENSATION CONTROL 

Most refrigerators have an anti-sweat heater which is 
an electric heating strip that prevents condensation 
around the doors (especially between freezer and fresh 
food doors) in humid weather. An "energy saver'' 
switch can be used to turn off this heater in dry 
weather. 

OPERATING COST 

The refrigerator consumes a large portion of a 
household's electricity. Top freezer models cost about 
eighty to ninety dollars per year to operate (using the 
National Average Electricity Rate). Side-by-side and 
bottom freezer types cost a few dollars more to run. 
The black on yellow sticker required on all refrigera- 
tors, which is the Department of Energy's ''Energy 
Guide," can be used by consumers to compare differ- 
ent refrigerator models from different manufacturers 
as to their energy efficiency and consequently their 
operating cost. 

AN EPA SURVEY 

Following are some of the results of a survey taken 
from an Environmental Protection Agency (EPA) 
study2 designed to assess consumers1 attitudes to- 
wards tradeoffs involved in more energy efficient 
refrigerators: 
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