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Abstract-This paper demonstrates the existence of an optimal on/off sequence for operating a household 
refrigerator that accumulates ice on its evaporator coils. Experimentally it is shown that the rate of ice 
formation is constant in time. The optimal (intermittent) regime of operation determined in this paper 
minimizes the power required by the refrigerator, maintains the prescribed temperature of the cold space, 
and removes inte~tten~y the ice layer. The second part of the paper proves that a similar strategy can 
be used for dealing with fouling in heat exchangers, i.e. for maximizing the power output of a power pIant 
that is diminished by the formation of scale on its heat exchanger surfaces. These optimal on/off sequences 
of operation for refrigerators and power plants are proven based on pure heat transfer and thermodynamics 
grounds. The refrigerator and power plant models employed are the simplest models possible. Conse- 
quently, the optimal on/off sequences demonstrated in this paper are fundamental features that will be 
present (and deserve to be identified and exploited) in the design of actual refrigerators and power plants, 

no matter how complicated these designs may be. 

1. INtRODUCTlON 

MOST OF us are familiar with the frosting and icing 
on the coils of hou~hold refrigerators, particularly 

when these operate in climates of high humidity. A 
layer of frost (ice and trapped air) builds up on the 
visible surface (e.g. bare or finned tubes) of the evap- 
orator, which is surrounded by the cold air trapped 
in the cold space of the refrigerator. The growth of the 
ice layer leads to an increase in the thermal resistance 
between the cold space and the even colder evaporator 
surface. As this resistance increases, the temperature 
of the evaporator surface must decrease to continue 
to pull the appropriate refrigeration load out of the 
cold space. At the same time, the refrigerator works 
‘harder’ as the compressor uses more electrical power 
to maintain the cold space at the prescribed tem- 
perature level, 

Methods of coping with the formation of ice on the 
evaporator surface constitute a critical technology in 
the development of modern domestic refrigerators 
and freezers [ 11. It is a technology that has stimulated 
considerable fundamental research on the fo~ation 
of ice on tubes [Z], and the melting of ice between fins 
[3, 41. The most common de-icing method consists 
of interrupting the refrigeration cycle after a certain 
interval of operation, and then heating the evaporator 

(electrically, or by convection, or by reverse cycling) 
to melt the ice layer. In addition to this on/off sequence 
of operation, some designs call for the use of evap- 
orator surfaces coated with water repelling sub- 
stances, which prevent the stagnation of water drop- 
lets on the surface [S]. 

The conceptual work described in this paper was 
stimulated by the on/off sequence of operation that 
appears in the design of a modern defrosting refriger- 
ator. Our first objective is to prove that there exists 
an ~pr~~~on/off sequence that minimizes the average 
power required by the refrigerator. We will demon- 
strate the existence of this optimum in a most funda- 
mental way, i.e. based on purely heat transfer and 
thermodynamics grounds, and without recourse to 
economic considerations such as cost minimi~tion. 

Our second objective is to show that the optimal 
way of defrosting a refrigerator has an equally funda- 
mental analog in power plant design. Fouling, or the 
buildup of scale on the heat exchanger surfaces 
located at the hot end and the cold end of the power 
cycle, has a detrimental effect on the efficiency of the 
cycle. In time, this effect becomes more pronoun~d 
and raises the question of what is the most appropriate 
moment to shut off the power cycle and clean the heat 
exchanger surfaces. 

The similarity between the processes of heat 
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NOMENCLATURE 

CI rate of ice buildup [m s ‘1 fl time when the cycle is on [s] 
.4 heat transfer area [m*] 12 time when the cycle is off [s] 
h rate of scale buildup [m s ‘1 TH high temperature [K] 
Bi dimensionless group, equation (7) TL low temperature [K] 
Bi, dimensionless group, equation (23) T,,,~, h high temperature of working fluid [K] 
Bi, dimensionless group, equation (25) T nl,n low temperature of working fluid [K] 
C the ratio yl/y T,, ambient temperature [K] 
F dimensionless average power, equations IV work [J] 

(21). (24) ci/ power [W]. 
F,,,, maximum dimensionless average power 
/I heat transfer coefficient [W m-’ K ‘1 
H dimensionless group, equation (8) 

Greek symbols 

k thermal conductivity of ice or scale 
6 thickness of ice or scale layer [m] 

]W m ‘K ‘1 ‘111 second law efficiency 

empirical constant, equation (16) 
(I 

P 
time ratio, equation (22) 

z 
q refrigerator heat leak [W] 

time ratio, equation (9). 

45 Joule heating rate [W] 

Q heat transfer rate [W] Subscript 
f time [s] C ),,I optimal. 

exchanger fouling and evaporator icing has been 
recognized in the fouling heat transfer literature [6]. 
The challenge we faced in the second part of our paper 
was to demonstrate that the optima1 on/off sequence 
of power plant operation can be based purely on heat 
transfer and thermodynamics arguments. It should be 
noted that economic cleaning schedules for process 
heat exchangers have been proposed in the heat 
exchanger literature [7-IO]. These schedules, however. 
were based on economic arguments such as the mini- 
mization of the total cost that includes the cleaning 
cost and the power lost because of fouling [8]. The 
optimal operating regimes identified in this paper fall 
in the same class of fundamentals as the optimal time- 
dependent processes of energy storage and retrieval 

[II, 121. 

icing on its evaporator (T,,,). The function of the 
refrigerator modelled in Fig. 1 is to maintain the tem- 
perature of the refrigerated space (cold box) at a low 
level, T, . in spite of the average heat transfer rate 
y that leaks steadily through the thermal insulation 
surrounding the cold space. The heat leak y reaches 
the cold box T,_. and is removed as i, during the time 
interval r, when the refrigerator is turned on, 

Each t, interval is followed by a time interval tZ 
during which the refrigerator is turned off and the 
evaporator surface is being deiced. In this first treat- 
ment of the problem we assume that the defrosting 
time interval t2 is known and fixed, and that the elec- 

2. REFRIGERATOR MODEL 
tric power used for melting the ice layer is negligible. 
The time interval in which the refrigerator must be 

Figure 1 shows the simplest features of a refriger- left running, t ,, is the chief unknown of the problem. 

ator (e.g. vapor compression cycle) that experiences The refrigerator load i, is greater than the heat leak (I, 

ambient 

refrigerated 
space 

evaporator Tmin _(I 

b 

FIG. I. Model of refrigerator with ice layer on the evaporator surface 



because the latter is being accumulated in the thermal 
inertia of the cold box during the time interval when 
the refrigeration cycle is turned off. We are assuming 
for simplicity that the cold box thermal inertia is large 
enough so that the temperature TL is practically con- 
stant during each on/off cycle of total time length 
t, + t,. The refrigerator model is discussed further 
under equation (6). 

The refrigeration cycle that operates between the 
ambient (T,) and the inner evaporator surface (T,,,,) 
is irreversible, with a second law efficiency qll assumed 
constant and known. The latter accounts for all the 
irreversibility features other than the finite tem- 
perature difference r,-- T,,,, for example, the com- 
pressor isentropic efficiency less than one, the throttle, 
the pressure drops along the ducts, and the finite size 
of the room temperature condenser. These features 
are lumped into a constant v],, value between 0 and 1, 
because they are peripheral to the question posed 
in this problem and, as a good approximation, are 
insensitive to the formation of ice on the evaporator 
surface. 

The feature that is affected by the formation of ice 
is the temperature gap TL - T,,,i,, which increases as 
the ice layer becomes thicker. The refrigeration load 
is driven into the evaporator by the temperature 
difference TL - T,,,, 

In this expression, A, h, 6 and k are the evaporator 
surface, the convective heat transfer coefficient 
between the cooled material and the ice surface, the 
ice thickness, and the effective thermal conductivity 
of the frost layer (ice and trapped air). We further 
assume that A and h are constant, i.e. independent 
of6. 

(2) 
increased. 

The S(r) data collected during a 10 h run are shown 
in the lower part of Fig. 3. They were correlated very 
well by the straight line d/t 2 0.42 mm h- ‘. Our exper- 
iments validate Rite and Crawford’s [2] conclusion 
that at the low air velocities and icing rates en- 
countered in an actual refrigerator the icing rate is 
constant in time. 

3. EXPERIMENT TO DETERMINE J(t) 

There is some disagreement on the way in which 
the thickness 6 increases in time. Schneider’s [13] 
measurements suggest a proportionality between 6 
and t”‘, whereas Rite and Crawford’s [2] experiments 
reveal a proportionality of the type 6 N t. Since the 
analytical form of the s(t) function has a profound 
effect on the results of the optimization process, we 
performed our own experiment by using an instru- 
mented household refrigerator positioned against the 
wall of an experimental chamber (Fig. 2). The two 
photographs inserted in the frame of the chamber 
show the interior (the instrumented refrigerator), and 
a view of the outside of the chamber, with the control 
and measurement instruments. 

4. OPTIMAL ON/OFF SEQUENCE FOR 

REFRIGERATOR OPERATION 

We assume therefore that the thickness of the ice 
layer increases as 

6 = at. (3) 

The rate of ice buildup, a, is assumed known from 
direct measurements. The power required by the 
refrigerator during the ‘on’ interval t , is 

(4) 

for which 0 is furnished by equation (2). The total 
work during the interval t, is 

(5) 

The chamber dimensions are 2.7 x 4.2 m in the plane 
of Fig. 2, and 3.67 m perpendicular to Fig. 2. The 
conditions inside the chamber were controlled care- 
fullv to simulate as realisticallv as nossible the wav in 

This work is used for the purpose of removing the 
corresponding heat leakage et ,, or q(t , + t J. It is 
worth mentioning that in a household refrigerator the 

I compressor does not run continuously during the ‘on’ 
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which an actual refrigerator is being used in a humid 
climate : 

(a) The door of the cooling (‘fridge’) compartment 
was opened for 10 s once every 12 min. 

(b) The door of the freezer compartment was 
opened for 10 s once every 40 min. 

(c) The room temperature was 30°C. 
(d) The relative humidity of the room air was 75%. 
(e) The air temperatures in the cooling and freezer 

compartments were 3°C and - 18°C respectively. 

These conditions are standard in the Korean refriger- 
ation industry. 

Photographs of the evaporator surface were taken 
at 40 min intervals, and the frost thickness was mea- 
sured with a ruler on blow-ups of the photographs. 
The upper part of Fig. 3 shows the two photographs 
taken after t = 40 and 440 min, during a run that 
started at 9 :30 a.m. The insulation panel (foam) was 
partially removed, and replaced with a transparent 
film that was glued around the edges, to prevent the 
deposition of additional frost during photography. A 
ruler was aligned with the evaporator tube : the white 
arrowhead indicates the point on the plate fin on 
which the camera was focused. The thickness of the 
layer of frost (6) formed on one side of the plate fin 
was measured on the blow-ups with an accuracy of 
0.1 mm. The relative accuracy improved in time, as 6 



f- 
Chamber 

T ,b=3o”c 

Relative Humidity = 75% 

FIG. 2. The experimental chamber and the refrigerator used for measuring the rate of frost fcxmation on 
the evaporator surface. 

interval labeled t ,. The compressor runs intermittently 
(in short steps), typically 50’S of the time. In other 
words, the instantaneous power cii is the compressor 
power averaged over each p;lir of short steps. In con- 
clusion, the figure of merit of the overall (macro- 
scopic) on/off sequence of operation is the ratio 
W/y(t , + f2). We show next that this ratio can be mini- 
mized by choosing an optimal time of refrigerator 
operation, t ,. 

Yy combining equations (i)--(5) it is possible to 
express the average power requirement PV/(t, + I,) in 

the following nondimensional form, 

rlll w (i-,;7”, )H 

4(t, t-t,) Bi(l +T) 

x In 
N-I-IX -. _~~ . _. .._ 

H-I--(l/r)-Bi(l+t) 
-1 (6) 

where Bi is the Biot number based on the ice thickness 
of size (II?. 

and N is the nondimensional counterpart of the con- 
vcctivc heat transfer coefficient, 

(8) 

The Biot number may be viewed as a nondimensional 
rate of ice accumulation. In equations (6) and (8). 
r,_ and T,, arc absolute temperatures. The non- 
dimensional time T is proportional to the time interval 
of refrigerator operation, 

Equation (6) shows thar the work/heat ratio is a 

function of four dimensionless numbers, r’. H, Bi and 
T,i’T,. 0nly t represents a degree of Freedom in the 
operation of the system, white the other three numbers 
are fixed as soon as the apparatus is cons[ructed. In 
Fig. 4 we see that there exists an optimal time z (or t ,) 
for minimum work/heat leak ratio. i.e. a best moment 
when the refrigeration should be interrupted for the 
purpose of deicing the evaporator. The upper drawing 
shows the shape of the energy demand curves when 
Bi is fixed. while the lower drawing shows the curves 
for constant H. The small time and large time asymp- 
totes of all the curves shown in Fig. 4 are quite steep. 
and stress the importance of knowing the optimal T 
value. 
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260 400 6iiO 

t (minutes) 

FIG. 3. Measurements showing the constant rate of frost formation on the evaporator of the experimental 
refrigerator (Fig. 2). The photographs show the evaporator surface during the experiment, at t = 40 min 

and, respectively, t = 440 min. 

The optimal operating time is reported in Fig. 5. 
This was obtained numerically by minimizing the 
expression listed in equation (6). Unlike the right side 
of equation (6), which depends on four parameters 
including To/T,, the optimal time z,,, is a function of 
only two parameters, Bi and H. This can be seen 
also by taking the derivative a/& on the right side of 
equation (6) and setting it equal to zero. The upper 
drawing shows that when the group H is sufficiently 
large it has a negli~b~e effect on zOpt. The lower draw- 
ing shows that the optimal time of refrigerator oper- 

ation is almost proportional to the inverse of Bi. The 
minimum work/heat leak ratio that corresponds to 
this optimal regime of operation can be calculated by 
substituting in equation (6) the z,,(Bi, H) value read 
off Fig. 5. 

5. THE EFFECT OF THE ELECTRICAL POWER 

USED FOR MELTING THE ICE 

Consider briefly what happens to the preceding con- 
clusions if the electrical power used for resistively 
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11” 
q(t 1+tz) 

““I-T----l-r- -4 
0 1 2 3 4 5 6 

z 

%W 
so 1+tz) 

FIG. 4. Minimizing the work/heat leak ratio by choosing the 
optimal time intervid for running the refrigerator (r. or I ,). 

I 

0.1 I / -i 

1 10 102 

H 

0.1-j I 

0.1 I 10 

Bi 

FIG. 5. The optimal time interval of refrigerator operation 

melting the ice is not negiigible. If that power level 
(Joule heating rate) is the known constant y,, equation 
(1) is replaced by 

et, = 9(t,+12)+(/1f:. (10) 

In place of equation (5), we write that the total work 
(electrical energy) that is required during the time 

I,+tzis 

If we make these changes, the analytical steps that 

gave us equation (6) lead this time to 

Ytr w (7‘,lT,.)H 

s(t, +tz) Bi(1 +T) 

x ]n 
H-I-(I-t-C)!T .-~-‘-_T~~--. ---. 

H-~-BJ(l+r+C)-(I+C‘),‘z I 

_l_al-h,) 
l-c7 

---. (12) 

The new constant C is shorthand for the ratio 

c = YJ 
Y 

(13) 

and is assumed known. It is easy to see that equation 
(6) represents the c’-+ 0 limit of the more general 
equation ( 12). 

The lloI~dirnensi~~na1 average power requirement 

expressed by equation (12) was minimized numeri- 

cally. and the results arc presented in Fig. 6. The 

FIG. 6. The effect ofelectrical power used for melting the ice. 
ql, on the optimal time interval of refrigerator operation ,_ 

(6 = Uf). (b = at). 
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optimal time of refrigerator operation (2,rt = fi&f2) 
decreases with the Biot number, and increases as the 
C ratio increases. In the top frame of Fig. 6, where 

?rr = 1, r0pt depends only on Bi, H and C. As shown 
in the lower frame and equation (12) when q,, < 1 
the optimal time rapt depends on vi, and To/T,, in 
addition to Bi, Hand C. The lower graph was drawn 
for vii = 0.3, To = 30°C and TL = -18”C, which 
means To/T, = 1.19. Taken together, the two graphs 
of Fig. 6 show that vi, and To/T, have only a minor 
effect on ~~~~ when C is smaller than 1. 

Numerical example. We will show how the present 
results (Fig. 6) can be used to calculate the optimal 
time when to shut off the refrigeration cycle and start 
the defrosting of the evaporator. The representative 
data for a domestic refrigerator such as the one used 
in the experiment are : q = 60 W, q, = 100 W, h = 40 
W rn-’ Km ‘, t2 = 0.5 h, TL = - 18”C, A = 0.1 m’, 
and a = 0.42 mm hh’. The representative thermal 
conductivity of fresh frost is roughly k z 0.2 W m- ’ 
K-’ (Yonko and Sepsy ]14]). With these values we 
calculate C = 1.67, Bi E 0.04 and N z 34. Since H 
does not have a significant effect when Bi is small (see 
Fig. 5, bottom), we may use the lower frame of Fig. 6 
for Bi = 0.04 and C = 1.67, and read approximately 
z,~* &z 24. The optimal time of refrigerator operation 
is therefore f,,,p, = Topttz z 12 h. 

6. POWER PLANT WITH SCALE ON THE 

HOT-END HEAT EXCHANGER SURFACE 

We now turn our attention to a related fundamental 
problem that occurs in the operation of a power plant 
in which the working fluid fouls gradually (i.e. 
deposits scale on) the heat exchanger surfaces. The 
scale adds to the overall thermal resistance of the heat 
exchanger, and induces a steady decrease in the energy 
conversion efficiency of the power plant. The question 
is when to shut off the power plant for the purpose of 
removing the scale from the heat exchanger surfaces. 

In Fig. 7 we see what perhaps is the simplest model 
in which we can examine this fundamental engineering 
question. The heat source (e.g. flame) temperature 

level TH is fixed, while the working fluid (e.g. water) 
executes a cycle between the high temperature T,,, 
and the ambient To. The heat exchanger that, in time, 
experiences fouling is assumed to be located at the hot 
end of the cycle, in the temperature gap TH - T,,,. 
The thermal resistance of this heat exchanger is due 
to its finite heat transfer area A, the finite heat transfer 
coefficient h between the heat source and the surface 
of the scale, and the scale itself. 

We assume that the scale thickness 6 varies 
(increases) with the time of operation, 6 =f(t). The 
rate of heat transfer that drives the power cycle is 

(14) 

For the sake of brevity and clarity we begin with the 
linear model 

6 = bt (15) 

in which the fouling rate b is assumed to be a known 
empirical constant. Later, we will report the results 
based on the more general exponential growth model 
proposed by Kern and Seaton [15], 

6 =p[l-exp[-it)] (16) 

which reduces to equation (15) as p --+ co. The Kern 
and Seaton model relies on two empirical constants, 
the initial growth rate b, and the long-time (‘plateau’) 
thickness p. Epstein’s [6] review and, more recently, 
the experiments described by Konings [ 161 show that 
the experimentally measured thickness can be fitted 
with equation (16) and, at small times, with equation 

(1% 

7. OPTIMAL ON/OFF SEQUENCE FOR 

MAXIMUM AVERAGE POWER 

Let I, be the unknot time interval in which the 
power plant is on, and t2 the known and fixed cleaning 
time interval that follows t ,. The power p’lant is shut 
down during tZ. If we are interested in producing 

heat Source Tii 

heat exchanger Tmax 
surface 

power plant & 

ambient 

i 

6-G 

FIG. 7. Model of power plant with scale on the hot-end heat exchanger surface. 
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maximum power averaged over time, we must max- 
imize the ratio I+‘/(t, + t?), where W is the work pro- 
duced while the power plant is on, 

(17) 

In this problem there are two parameters. I, and 
T “lax’ that can be chosen optimally such that the avcr- 

age power output W/(r, + t?) is maximized. The selec- 
tion of the optimal T,,,, is now a classical result 
derived independently by Novikov [I71 (see also El- 
Wakil [IS]) and Curzon and Ahlborn [19] (see also 
Bejan [20]). For example, if the power cycle cxecutcd 
between r,,,;,, and T,, is reversible, the instantaneous 
power output I&’ is maximum if T,,,,, has the UMS~N~~ 
value 

T Ill‘,“..< ,,I, = (THT,,)’ ?. (18) 

If the expansion through the turbine is irreversible, the 
expression for TmsX,OP, is somewhat more complicated 
(Novikov [17]), but it is still a constant (it depends on 
r,, r,, and the turbine characteristics). The fact that 

Z”a\.<,F’ is constant and independent of t, is an impor- 
tant feature that must be kept in mind as we turn our 

attention to the optimal selection of the second free 
parameter, t , 

The instantaneous power output maximized with 

respect to T,,,,, is 

where the second law efficiency constant q,, accounts 
for the assumed irreversibility of the power cycle, and 

where T,,,.,X.op, is a constant depending on T,,. T,, and 

VII. 
Linear b(t) model. By combining the linear model 

(15) with equatious (14). (17) and (19) it can be shown 
that the time averaged power output is given by the 

expression 

where 

(20) 

In (1 + HBi,) 
F(O, Bi,) = (ii())~* (21) 

Noteworthy in these definitions arc the non- 
dimensional time interval of power plant operation, 
8, and the nondimensional ratio of fouling, Bi,. The 
effect of 0 and Bi, on the average power output is 
conveyed by the function F(B, Bi,) which is shown 

Bi, = 0.1 

FIG. 8. The effect of time of operation and rate of fouling on 
the average power output; linear d(t) model. 

plotted in Fig. 8. The average power output reaches 
a maximum at a distinct operating time, II,,,,,. 

Figure V shows how the group Bi, influences the 
optimal operating time and the corresponding 
maximum average power. The Bi, number may be 
seen as a way of nondimensionalizing the known 
cleaning time f’. The figure shows that as the cleaning 
time decreases the maximum average power and the 
time ratio Oo,,, increases. The optimal time interval of 
power plant operation. f,,,,,,, is proportional to the 

group O,,,, * Bi, : the dash line in Fig. 9 shows that this 
time interval decreases as the cleaning time decreases. 
The ratio II,,,, indicates that t,,c,p, does not dccrcasc as 
fast as tZ when t2 decreases. 

E.uponenrial h(t) model. If in the preceding analysis 
the linear model (I 5) is replaced with the exponential 
f(t) model (I 6), the expression for the average powcl 
output continues to be represented by equation (20) 
with the following definitions 

F(0, Hi,, Bi,,) = 

OBi, + Bi, In [l + Bi, - Bi, exp ( - Bi,H/Bi,)] 

(I + O)Bi,( 1 + Bi,,) 
(24) 

Bj, = ‘I’ 
I< 

(2-F) 

The new dimensionless number Bi, is the Biot number 
based on the long-time thickness of the scale. p. It is 
easy to show that equation (24) reduces to equation 
(21) as Bi, ---f fx. 

Oopr.BiS ' " 

%pr, 4 
i 

e opiBi*, 
, Qw , 

/ 
F 

11 

/ 
/ 

/ 

FIG. 9. The optimal time interval or power plant operation, 
and the maximum average power output : linear S(r) model. 
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Bip = 10 

0.1 I I 

0.1 1 
Bi, lo 

FIG. 10. The effect of the BiP number on the optimal time 
ratio ; exponential s(t) model. 

The numerical maximization of F leads to the two- 

parameter charts shown in Figs. 10 and 11. The two 
parameters, Bi, and Bip, account for the two empirical 
constants that were used to curvefit s(t) in accordance 
with equation (16). Figure 10 shows that when 
BiP 6 10, this new parameter has a significant effect on 
the optimal time ratio eopt : specifically, 8,,, increases 

noticeably as Sip decreases. The same parameter has 
a less pronounced effect on the maximum average 

power F,,,, which is plotted in Fig. 11. 

8. POWER PLANT WITH SCALE ON THE 

COLD-END HEAT EXCHANGER SURFACE 

Consider now a power plant in which fouling occurs 
at the cold end of the cycle, for example, on the con- 
denser. We will show that the nondimensional results 
obtained in Figs. 9-l 1 for power plants with fouling 
at the hot end apply unchanged when fouling occurs 
at the cold end. 

Figure 12 shows a simple model for a power plant 
with scale on the cold-end heat exchanger surface. 
Repeated in this model are all the features that were 
encountered first in Fig. 7. The power cycle contained 
between TH and T,,,i, is not necessarily reversible, and 
its second law efficiency is Q,. In time, the scale of 
thickness s(t) augments the thermal resistance 
between the working fluid (T& and the ambient 

(To) : 

‘7 

F max 

“.‘V 10 
Bi, 

FIG. 11. The effect of the Sip number on the maximum 
average power; exponential s(t) model. 

I power plant w_ 

heat exchanger Tmin 
Surface 

4 b-h 

ambient To 

FIG. 12. Model of power plant with scale on the cold-end 
heat exchanger surface. 

(26) 

For the reasons discussed above and below equa- 

tion (18) in the preceding section, the instantaneous 
power output I@ can be optimized first with respect 
to T,,,,,. The resulting optimal temperature Tmin,op, is 
a function of TH, T,, and r,+,,, for example, T,,,in,opt = 
(T, TO) ‘P if vi, = 1. Because of this result, in the fol- 
lowing analysis we assume that T,,,in,opt is known, and 

use T,,, = Tmin,opt . The instantaneous power max- 
imized in this manner is 

I@= V,,(l-+rj& (27) 

The power plant operates during the time interval 
t,, and the fouled surface is cleaned during the fol- 
lowing interval of length t,. The analysis consists of 
two steps. First, the total work W produced during 
the interval t, is calculated with equation (17), by 
using equations (26), (27) and an appropriate model 
of s(t). Second, the average power is calculated as 
W/(tl + t2). For brevity we show only the final result, 

W VII(~ - Tmin,optlTH) ---= 
t, +tz 1 -h(l - Tmin,optlT,,) 

X (Tmin.opt - TJhA * F(f3, Bi,, Bip) (28) 

in which the function F has the same form as in 
equations (21) and (24), depending on whether we use 
the linear model or the exponential model for 6(t). 
This means that the maximization of the average 
power with respect to the interval of operation, 0, 
leads to exactly the same curves as the ones seen in 
Figs. 9-l 1. 

In conclusion, the nondimensional results of Figs. 

9-11 are general, in the sense that the fouled heat 
exchanger may be located either at the hot end or at 
the cold end of the cycle executed by the working 
fluid. The physical (i.e. dimensional) results, however, 
differ from one case to the other. In this section, the 
groups Bi, and BiP are based on properties of the cold- 
end heat exchanger (h, k, b,p), in accordance with the 
model of Fig. 12. 
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9. CONCLUDING REMARKS 

In this paper we used the most fundamental prin- 
ciples of heat transfer and thermodynamics to demon- 
strate the existence of an optimal on/off sequence 
for refrigerator operation, which (I) minimizes the 
average consumption of electrical power, (2) main- 

tains the prescribed low temperature in the cold space. 
and (3) removes intermittently the ice layer that 
accumulates on the evaporator surface. We demon- 
strated this by using the simplest possible refrigerator 
model. This means that the optimal on/off sequence 
is a fundamental feature that must be identified (and 
exploited) in the design of any type of defrosting 

refrigerator, no matter how complicated that design 
may be. 

In the second part of the paper, we relied once again 
on the most fundamental principles of heat transfer 
and thermodynamics to prove that an optimal on/off 
sequence exists in power plant design. Intervals of 
power plant operation must be interspaced optimally 
with intervals for the removal of scale from heat 
exchanger surfaces so that, in time, the average power 
output of the plant is maximum. The power plant 
model used in this demonstration was the simplest. 

An optimal on/off sequence of the type described in 
this paper will be present in the design of any power 
plant that experiences fouling. regardless of the com- 
plexity of the design, or whether fouling occurs at the 
hot end of the cycle or at the cold end. 
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