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ABSTRACT

In the Refrigerating Industry, the frosting of
refrigerating coils and its effect on heat transfer is a
probl em of obvious inportance. Anount of frost on the
evaporator is dependent on the anbient tenperature and
air humdity. The performance of any cold storage unit
depends upon maintai ning storage space and evapor at or
tenperatures within a range of nost favourable conditions.

This research project therefore is aimed at investi-
gating the peculiarities of frosting, especially the
variations of the heat transfer coefficient as a function
of the duration of use during frosting wwth the influence
of air conditions as close as possible to those in practice
and to present sone recommendations for defrosting on the
basis of the results obtained.

The theory of frost formation is outlined and its
conplexity identified.

Desi gn procedure of a cold storage is briefly given.
This is to give readers an idea of how the various conpo-
nents of the system eg, the evaporator, the condenser,
etc were selected; the various factors that contributed

to the successful working of the unit.



Measurenents on a house hold refrigerator are present
tedj the results obtained are anal ysed and on the basis
of these results and the experience obtained during the
performed tests, sone conclusions and reconmmendations are

nmade.
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NOMENCLATURE

Description

Heat Transfer area

Humid Heat of Moist air
[c = 1,005t +« 1.88H]

Diameter of tubing

Usage factor

Effective Heat Transfer Coeffi-

cient defined by

h = 9/A
. a s
friction factor

film coefficient of sensible
heat transfer for air

Coefficient for Enthalphy
transfer defined as
[dq/dA)x _—
. £
[la - 151

Ny
Humidity aof Bulk of air

Humidity of Saturaoted air at
temperature of the frost-air
interface

enthalphy of air given by
i =ct + rhH

Mass Transfer Cogfficient

thermal conductiyity of air

thermal conductyvity of frost

Local heat flux st any Instant

IV

Units

kd/kg.°C
mm

kw/m>.%¢

kW /m? . %¢
dimensionless

kW/me . %

kg/s,m?

lHa-HF)

kgv/kﬁair.dry

ksv/ ksair. dry
k) /kg.

2
kg/s .m .(Ha4ﬂ€)
kW/(°c/ ) (m?)

kW/(°C/m) (m?)

k3/s .me



Description
Specific volume
Total length of svaporator
Total length of condenser
mass of water vapour
mass of dry air
fluid mass velocity
Growth rate of frost
Latent heat of sublimation
bulk temperature of air

Temperature at Frost-air
Interface

Temperaturs of coil surface

Frost thickness

time

ambient temperature

temperature of refrigerated space
Evaporator Temperature Difference
Condenser temperature split
'eritical’ time

'reduce’ time

air rate

air density

frost density

Specific Humidity

\

min

kg/hr
kg/m3
kh/m>

kgv/kgair.dry



AV

Subscripts

a

e

Description

relative air Humidity
‘eritical’ relative air Humidity
'reduced’ relative air Humidity
fluid velocity

pressure drop

air
evaporator
frost
condenser
origin

enthalpy
vapour

coil surface

inlet and outlet of evaporator
total

usage

cooling capacity
'critical®
'reduced’

accel eration
firctional

VI

Units

o\e

e a0

m/s

bar
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CHAPTER 1

INTRODUCT ION

Refrigeration is concerned with heat transfer from
a lower temperature (heat source) to a higher temperature
(heat sink], More specifically, it deals with the process
of reducing and maintaining the temperature of a space

(a chamber or roaom) below the temperature of the surroundings.

1.1 0BJECT

A cold storage is a space maintained at a temperature
below the surrounding in order to keep a product at the
desired temperature [21]. However, the overall thermody-
namic performance of the system is determined by many
factors. This research aims at ascertaining the specific
influences of frost formation on the evaporators of cold
storage units, It aims at recommending procedures for
reducing those influences that are adverse.

From basic heat transfer knowledge frost on svaporators
will have the following effects:-

(i) It will cause an increase in thermal resistance
and hence a drop in the heat transfer rate (cooling
capacity),

(ii) It will bring about a reduction in temperature

potential causing a reduction in effective heat load.



(iii) bscause of reduced cooliné.capacity there is the
tendency for the amount of superheat to drop and this
may result in wet vapour entering thes comprsssor..
Frequent defrosting to feﬁﬁve thé above adverse egffects

is therefore necessary. The defrosting system howsver,
is dependent on the cooling capacity aend air condition in
the storage space. This research aims at recommanding

dafrosting cycles with varying initial air conditions.

1.2 MOTIVATION

One motivation that carried me te study frosting and
humidity in refrigerating systems stems from my experiance
with cold rooms for vaccing storage, at the Naticonal
Veterinary Research Ingtitute, Vom, Nigeria. Here vaccines
are stored in these cold rooms at about -29°C. It is
abserved that during the wet seasan ar to be more specific,
during the.beriod Jjust before the rains arrive, when the
relative air humidity is very high, frost begins to occur
on the vaecine bottles in addition to the formation on the
evaporator unit and thiﬁjindarairable. Furthermore, during
this period, the assigned temperature (-20°C) is hardly
mat. |

The secdnd.ﬁbtivatinn, still from my experiance at

N.V.R.1I, Vom, came from the observation that there seems to

be ssasonal variations of refrigeration loads which



affect the fu;ning.time QF éﬁe cold rooms., These cold rooms
contral both humidity and temperature and ths seasaonal
variatians in refrigerating loads are obhserved to affect
this function.

The observétions have moticated me to find the causes
of these happenings and if possible design or recommend
their remedy. .

1.3 LAY-0UT OF THE RESEARCH

With the gcal proposed by the motivations, the next
task is to set aut the passible experimental procedursz to
achigve this goal.

A working cold storage is chosen and measurements are
required of its performance under frosting conditions at
varying initiel relative air humidities, The tests are
performed under conditions as closely as possible to those
ocbtained with the cold rooms at N.V.R.I,, Vom. Steam is
injected into the storage space at varying amounts to
increase the space relativa air humidities,

These measursments together with their graphical
representations aﬁe presented,

In the discussion of the results, attempt has bsen made to
correlats the experimental findings with the practical cbssrvations,

On the basis of thess results, a cunclusion is drawn.



The thecry of frost formation is analysed, indicating
the governing basic equations and relations (Chapter 3)

A design procedure of a cold storagz i: also briefly
given (Chapter 4) Apnandices A, B, C and D deal with the
fundamentals of Refrigerating processes, Refrigeration
system components, Air Humidity .and Defrosting methods

respactively.
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CHAPTER 2

LITERATURE SURVEY .

If is worthwhile mentioning here some of the important
efforts and investipgations on the complex process of
frost formation, P,Sale, C, Oessaux and I. Simonate [26]
tagether investigated the effects of frost on the heat
transfer coefficient of extended surface eir cooclers,
tested in a cold chamber whers real cperating conditions
ware simylated 3 . Investigations were alsc made
on the taesting af air coolers under frosting conditiaons,
carried out on the stand of the aerodynamic channsl type
where the air conditions could be varied within broader
limits {15, 14, 17, 25]. However, testing by this method
was found to HaVE the serious disedvantage that the
conditions diffar to a greater or lesser degree from
those of real conditions, . -
| K.0, Beatty, E£.8. Finch and E.H. Schosnborn [ 8]
-ihvastigatad the effects of frosting on the transfer of
hgat fraom humid air to a metal surface under frosting
conditions, Measurements were made on a four-foot long
surface and a four-in long unit, showing some of the
influence of alr velocity, air conditions and cold surface

temperatura,



thickness
Frost o, was measured by probiny to the frost surface

as seen through thg transparent cubics but value depended
on the cars and judgemsnt of the cperaetor, owing to the
fuzzy nature of the frost. Imn conclusion, they suggested
the use of on enthalpy driving force cuncept to predict
heat transfer rates under frostirng conditions.

Another investigation was made by T.5. Gatchilov [12] who
studied the characteristics of extended surface air coolsrs
during operation under fresting conditions. For different
working caonditions, they determinsd the influence of the
relative inlet air humidity, the cvoporator temperatuce
difference and the working time duration on the air f w
rate, the frost layer thickness, the froest gquantity formed
and the heat transfer cosfficient.

Other investigators of importance included W.H. Stoeksr
[27] who alsc studied frost form:tion on refrigerating
coils. S. Kamei, T, Mizushina and 7. Koto [20] undertook
rgsearch on frost formation in low temperaturs dehumi-
Jifiers. L L : - AR A

The above méﬁtion;ahinvéﬁtigatidns no déﬁbt prbvidé
congicderable contributions to the problems and many of ths

features of the complex phenomenun of frost formation.



Unfortunately the results obtained are not universally
applicable because of the presence of many difficulties
during testing, for instaence, measurement of the frost
layer thickness. This means that these results apply
only to individual constructions and operating conditions
considered, Therefore any efforts at further clarifying
the influence of frost formation on refrigerating coils

may be of considerable practical value.



CHAPTER 3

FORMATION OF FROST - . . 0

3.1 HEAT TRANSFER:

The laws of hgat transmission are of controlling
importance in the design and operation of many diverss
forms of steam gensrators, furnaces, prahaatsrg, sxchangsrs
coclars, evaporators and condensers in aneroﬁs industPies
like Refrigeration and air-conditioning, In soms cases,
the primary objective is to obtein the maximum heat transfer
rate per unit surface compartible with economic factors,
In other cases the objective is the salvaging of hegat as
in exchangers, recuperators and regenerators, In still
other cases the purpose is to minimise the heat flux by
the use of insulation,

Frequently in a given problem like in Regrigeration

and Air-conditioning a2ll the three objectivss are important,

3.2 MECHANISM OF FROST FORMATION

When a mixture of air and water vapouf.{ﬁjmid air} is
.exposed to a surface below the freezing point of water;

same frost forms. The compound mechanism of heat transfer
and dehumidification is made mors cbhﬁlex; A 1a}ar of frost
forms on the cooling surfaca and a film of a mixturs of

air and water vapour forms next to the frost layer.

o



The concentration of vapour in this air film is lower
than in the main body. The concentraticn difference causes
diffusion (mass transfer) of vapour from the main body
through the air film forming frost on the frost-air inter-
faca. In this way air is simultaneously cooled and
dehumidified by contact with a surface which is underpoing
a continuous change in temperature and in nature because
of the build-up of frost or ice., That is, air is cooled
by conwvection heat transfer and dehumidified by diffusion
of water vapour across the air film at the frost-air inter-
face due to difference in partial pressure [24].

otal Aeat transferred is given by
Qsp * ha [ta =t Jemerecrreccmecncnnet.- {3-1)
and is made up of (1) sensible heat and
(2) latent heat lost by the vapour.
The rate of frost formation is governed by the laws of
diffusion of vapour through the air-film, whereas, sensible
heat transmission is governed by the laws of heat transfer
by conduction and convection.
The total heat flux is pgiven by

dg . :
an = hglt,-ty) kGr(Ha ¢ R e rhsennsnn b dnsnan (3-2)
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Lewis [24] proposed an approximcte rolationship that

thC:&-
e

- = o = m omom e (3-3)

= Humid heat of moist air,
If this holds then cquation (3-2) may be transformed into
enthalpy driving force equation. The enthalpy of humid
air is given as i = ct ¢+ rH =e- -~----- (3-4)
Hence fpr the bulk 2ir, the enthalpy is
ia ® cta + rHa
and for humid air at the frost-eir interface, the enthalpy is
i b Ct{ + ['H.FU

Then i - i; = clt - tg) + r(H_ - H.) Multiplying both

sides by kg

kslla-IF] = CkG[ta-tf] 4 rkq[n;-HF]
The right hand side of this equation ‘s same as that of

equation (3-2) aftzr replacing h. with ckG. Therefore
g& = k (i -41i.) - = = - - - - 9.5}
G "a f i

Define hi' coefficient for enthalpy transfer as

dq, R
= ,dﬁ at x o . . L _
That is, at the beginning (when frost thickness Xg = 0)

it may be assumed that the frost-air interface temperature

is substantially the metal surface tempurature tB and
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enthalpy at this temperature is

is = ctB + rHE.

hi is numerically equal to kG [8] therefore

dg _ I -
Ix hi(ia if) (3-7)

the enthalpy driving force equation. Unless te is known,
equation (3-7) cannot be integrated. 1In general t. varies
with time because of the continuous build-up of frost.
Assuming that all of the heat delivered to the frost-air

interface must pass through the entire frost layer, then

(£ = ¢.)
g%-kf——ﬁ—-—-s—--h.[i “4.) viereenee. (3-8)
xf 1°5a f
k
i.e. _f _ _ "
-i:(tf ) = h (i, - i)

But i, = ct, + rHe substituting for i, in above

equation we have

k
f
;; (tf tB] = hiia - hi[CtF+PHFJ
k k
Ll ¥
-x-; tF + Chlt’F hiia + ;-; ta I‘hiHF
k
. hiia + ;-i tS - r‘hin
P bwm LI — (3-9)
- . { WF
— + chi
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Assuming that air at the frost-air interface is saturated

and if Kk the thermal conductivity of frost is known

£
squstion (3-8} may be solved at any value of frost thiokness
. L ..m. _1f»--_r.. S
| At any time for which the Qalue of quf is known,
the performance of an appasratus may be predicted by step-wise
integration ovar the area. The change in performance with
x%/kf may alsoc he predicted. ... . .
However, for certain design problems, one may be
concernad with predicting the manner in which the TOTAL
HEAT TRANSFER RATE will vary with TIME, rather than how
it will vary with the frost thickness itself. It is then
necessary to predict the relationship between frost
thickness and time in order that t{ may be found from
gquation (3-9) and the value obtained be used in solving
equation {3-?].*'y ﬂf §} R
Consider a di?Feféﬁf&al 1Bnéth oﬁer which the interface

temperature and air properties, may be considered constant.

In this case the valug of X g is given by [ 8]

t Hy - Hg
Xe = ke dt  ~-=-ve-- meeee (3-10)




3

Since the frost density Ps continuously varies with the
changing conditions as deposition progresses, and since

He 1s also a function of the frost thickness, the integra-
tion of this equation becomes virtually impossible barring
the use of many unwarranted assumptions, The average
frost thickness EF over the entire surface A, may also be
axpressed as t A

- 1
Xp = Kk - (H_-H_.)dAdt ---==----- (3-11)
f G 5 JoPf a ¥

This equation is subject to the same integration difficul-
ties as equation {3-10) and is further complicated by the
fact that P is probably a function of position along

the length of the tubing.

Although it is apparent that the general sclution
cannot be obtained from these equations, the flux may
readily be determined four the two unique conditions
representing the limits of operation, The first of these
is the initial condition at which the frost thickness
Xp = 0 and ty may be taken as tf "% the surface tempe-
rature of the tube. Where the dew point of the air is
above 0°C, the second condition obtains when ts reaches
0°c. In each of these conditions iF is known, is constant

and may be used to integrate aquation (3-7)
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When t. = 0%, frost thicknasa is given by
IR o - ¢
‘R‘f" = T——— S j - - - - - - {3'12]
£l g - 2.8
X g is depesndent on kF {15]. when frost surfacs is at 0%c,

it is expected that thes water vapour will condenss as a
liquid and if the frost is porous, this liquid will soak
into the frost layer and gradually freeze producing a
continuous increase in kf approaching the value for solid
ice. Until the maximum valus of kF is reachsd, the frost
thickness may continue to increase even though the surface
temperature is 0°C. When this maximum is reached dehumidi-
fication will still take place with the ligquid water
continuously draining off. . L _" -

But where the air dew point is'be15w 0%¢ deposition
of frost will stop when'thc frost surface reachss the dsw
point, Since heat transfér at this point is by sensible
cooling alone, egquetion (3-1) reduces to : v,

i _
R R A 12

It may be useful to predict the value of thermal
resistance, }ﬂe as a functian of frost thickness, Xg o In

order to do this use may be made of the following parametric

gguations:



Recalling that

15

dg . .5 B R
T he[ta ts} (3-1)
and dq
- ° hi[l - 1fJ - - - - - = = = = {3-7)
"o B At =t ) & h.t1_ = %1.]
e a 1 f
or 1\, 1 ) 1, - ¢
) R ) |y | ==remeecan-- (3-14)
el i j1_-1
a i
also
L Y B . I (3-8)
Y
combining (3-8) and (3-7), we have
R
;; [tf'ts) B hi[ia - 1F]
or f;£ = %-; f.ii_;_ig ﬂ ________ e (3.4E)
F \4/ \ *a " *¢ /
From the condition of the problﬂm,ia and ts are known. The
enthalpy transfer coefficient, hi may be celculated by
using equation (3-3), noting that hi is numerically equal
to kG' Since if is taken as enthalpy of saturated air at
te . the parametric equations (3-14) and (3-15) may now be

X

L . : .
solved for e and Fi respectively for a seriaes of arbitrary
,F

e

¥ 'F 1 i ¥ I
values 0o tf. Assuming ke

is a constant

and is known, x_

may be determined and ﬁl plotted against X

a
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3.3. DEFROSTING

The svaporator (cooling unit) is the coldest spot
inside the storage space; if it is operating below the
freezing point of water IUQCL unless prevented by some
special means, it will collect frost., But where this frost
is formed, provision must be made to get rid of it.
Defrosting is therefore a process of removing frost from

the esvaporator surface. The common defrosting methods are

discussed in Appendix O,
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CHAPTER 4

DESIGN OF A COLD STORAGE

4,1 INTRODUCTION: ;_,{;"“_;;157 SIS
Designing & cold sfafage; generally aimds at sizing
and balancing the various components Frpm the pesrformance
and economic polnt of view. For this feééarch project,
~a cold storage is not designed from the scratch
owing to the difficultias of building an snclasurs to meet
the requirements mentioned in appendix B.8 (for non avail-
ability of materials and squipment). 1In view of this, a
house-told refrigerator cabinet is adapted for a storags
genclosure where the requiraments.éfe assumed to have been
considered. This cabinet is however modifisd to accommodate
the experimental arrangement, |
It is then required to size the athef components in
'nrdar to produce a system that is suitable for the tests
in anticipation. The components to be sized and balanced are
{1} the evaporator (2) the tondenser and (3) the
refrigerant charge,
Thers is need too to selsct the syitable
(1) compressor (2) expansion wvalve aﬁﬁn(Bl refrigerant

lines.
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The proper assemblying of the above components constitute

a working cold storage unit,

4.2 DESIGN CALCULATIONS

4.2.1 DATA

Temperature of Surroundings tD = 27°C

Evaporator Temperature Difference TDa = 11.1%
Temperature of Refrigerated Space ﬁo = 5°C
Evaporating temperature tB = -5%

Condensing Temperature R = 40°¢

Ory bulb temperature of entering air tdb, = 25°¢
Volume of Cabinet V = 0:28m3

Usage factor (from table E,1 appendix E) F = 41?43 2c

Thermal conductivity for Copper
(table E.3 appendix E) K = 142;?;20C

Rated Relative Humidity oo = 75%

Assumptions:

1. Usege Load only
2. Dry Expansion Evaporator (Bare tube)

3. Average or Normal Usags.

4.2.2 EVAPORATOR SIZING

Neglecting cooling loads due to
(i) Leakages through coldroom walls {wall gain Load)
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(ii) Other sources (supplementary toad) (refer to
Appendix £)
total cooling load is therefora

0, =9,  eeemmeeee- e (4-1)

Usage Load is given by equation E-2 prpendix E)
Qu « F v(t - tol- -~ - - - - (E-2)
For reach-in cabinets at average or normal usage

F o= 41 W/m308 (from data)

S0, = O A um?co.28mdy(27-5 %0y
s (41 )00.28)(22)u o
= 252.6W
Heat Transfer through the walls of the evaporator is by
conduction end is given by _ _
Qg = AKITD) - men-- (B-2)}(from appendix Bl .
It is assumed that cooling load is due to usage only
e Qg = 0y =9, = 25 2.5W
from equation (B-2)
A = Ve . 252.6W : co
e KODT 342 w/m? °cy(11.1%) .
252.6 2 L

(142 (17,
.1Em2

]

From table E.2 (appendix E) it takes 33.477 linear meter of
4,53m diameter copper Lubing to make 1m2

ko
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*

this evaporator requires

2
G (33477)

or 5.4m of 9.53m diameter copper Ttubing. The

diamegter 8,53mm is chosen because it is easily obtained.

4.2.3. CONDENSER SIZING

From practical experience it has bseen found that
due to some losses in the system, heat transfer in the
condenser is 1,25 times that in the gvaporator [21]
[Heat in condenser = heat in evaporator + heat of compression]
Henca in this system, heat in condenser . _

gc = ‘1.25!38 = 1.25QU - - - —.“ «. - ...(..4-3]

= (1.25)(252.6)w -

- 315680
Here too heat transfer through the condenssr walls is by
conduction and is piven by _ _ - , .

DC = ACKC (tS) """" - .. (4-4)

again using copper tubing
9% 315, au e
¢ Re'RT o qaziwmCry(a0-2s 0
315.8 |
€142 1(15)™

A

« 0.148m%
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From table E.2 it takes 50.16 linear, meter to make 1m>

of 6.35 mm diametser copper tubing,

.. this condenser requires
(2™ ) (50.18)

or 7,.,42m of 6,35mm copper tubing.

This diameter is sasily available in the markat.

4.2.4 REFRIGERANT CHARGE

{(From Evaporator Analysis)

- e .,;.;\;\AA;.A.__;;}‘;.,,_-_.._._
: 2 / R

Fig., 4.1 Evaporator Unit.

t, = 40°c

. ) 1
- _c0
t, = -5°%

From tebles of thermodynamic and transport properties of

fluids [22]

_ -
a N
at t2 = -5 C h;g =,_.hg)== 185.4k\]/kg
= o -3 h =
at t1 = 40{; N h1 ”_hf 74.5K3fkg

Refrigerating effact is given by

QPEF = h2 - h1 —h*__"w_'----—--f-f ~.._L [4-51

= (185.4 - 74.6)k1/kg

110.8k3/k
| - B
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i.e 1kg of refrigerant gives 110,8kJ of refrigeration,

.« Cooling capacity of Oce = 252.6 1/sec requires

Q
the circuylation of # refrigerant given by m = UEE ~---(4-8)
-3 ref
* m = 252.6x10 “k3/s
110,.8k1/kg
= 2.28 g/s

4.2.5, COMPRESSOR SELECTION

All work on the refrigerant in the compressor is
converted into heat, It has been shown too that the
difference in enthalpies of vapour entering and leaving
the compressor is a measure of the power necessary to

compress it (appendix B,2)

0
t, = -57C

3

Fig, 4,2 Compressor Unit,
Entering the Compressor: -
o
at t; = -5°%C, b, = h, = 185.4Kk3/kg
0
s, = Bg = 0.6991 kJa/kg“k,
fFrom table of thermodynamic properties [22].
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Leaving Compressor: assuming process is isentropic,

s, = 5, = 0.5991 kd/kg K, X

From tables again, absolute condeﬁsing.ﬁreésure at conden-
sing temperature of 40°C is Pabs = 9,607 har, For

5. = 0.6391 k1/kg®k, and Pabs = 9.607 bar, from super
hgat tables of Freon 12

hy = 204.80 ki/kg,

Work of compression is given by ;1 _
Qw = h3 - h1 - T = =y (8-6)
Q, = (204.6 - 185.4)kI/kg
= 19.4 KI/kg
Theoretical power in put

Pth B me

(0.0228x10"1kg/s)(19.4 kJ/kg)

442 W

i.e a compressor of 442 W capacity is required for the

tirculation of 2.28g/ssc of refripgsrant,

4,2.6 REFRIGERANT AND REERIGERANT CONTROL

For this system, Freon 12 is chosen as the refrigsrant,
An eBxternally equalized thermostatic expansion valve of
‘Oanfoss’ make (TEZ type) is selected., This has the
principal advantaga that control of refrigerant flow into

the evapaordtor is dons by both the temperature of evaporator
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outlet and the low-side pressure; it gives completely
automatic svaporator flow control, responding readily to
variation in load, and balancing the entire coil without
allowing and floodbacks.

4.2.7 Rafriggrant Lines

In choosing aor sizing refrigerant lines a compromise
must be reached between low pressure drops and high veloci-
ties,

Pressure Drop

Bachground:

wWhenaver a fluid flows through a tube or in general
contacts ancther substance while moving, it looses pressure,
This pressure drop depends on
(i) specific flow pattern
(ii) specific void fraction
(iii) coil geometry and orientation
(iv) fluid quality
and it is the result of thres basic phenomena
{(a) acceleration B (b) gravity and (e) friction
Gravitational pressure drop is usually negligible in
Refrigerating systems. Single-phase frictional pressure
drop calculations are reasonebly well understood and amply
documented to permit accurate evaluation for any Newtonian

'Fll.iid .
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Frictional pressure drop
=2
L Vv
= - wm em w wm m w m e = - 4-
acceleration pressurs drop
1 2
B e V[ e e e e ... - e w wm w w - 4 -
AP, = G (4-7)

Thess expressions are valid for either liquid or vapour
(single-phase) flow but not two-phase flow. However, in
evaluating two-phase pressurse drop, a simple analysis for
freon refrigerant was developed by J.R.S5. Thom [13]

who stated that

AP = rLaP_ ] + rSIaPFr] ------------------ (4-8)

TPT
where 8P, and Apg,. are the single-phase values of
acceleration and friction pressure drop respectively with
correction factors r, and ry.

Calculations:

For this system only frictional pressure drops are
considered in choosing the refrigerant lines (suetion,
Discharge and Liquid Lines).

Suction Line:-

at -5°C and 2.6 bar, refrigerant vapour density

pg = 15,38 kg/m3

and dynamic viscosity y = 316.?2x10-5kg/m.s.
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Refrigerant mass flow rate

in = p AV « 0,228x1072kg /s

~ m m
- Y 7 1 o L 4.
or V\ EEW °E 7 j2 (4-9)

. (4)(0.228x107%)
(15.38) (n)(39.53x10"3)2

= 2,1m[a
Reynolds Number Re = £§~ -------- (4 - 10)

s For the refrigarant vapour flow in syction line

Rg = 18:53x107%)(15.38) (2,1
316.72x107°

= 970

Flow is laminar,

- 'g-y-o bl 0.0155

- 12)(15.38)( 2,1)%(0.0185)
(9.53x1073) (9,51,

= 0.024 bar|m
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Similar calculations for the discharge and liquid lines
of 6.35 mm diameter tubing give
apfr
Discharge Line : —— = 0.03 bar|m

sp
Liguid Line  : ——= = 0.0064 bar|m.

The total pressure drops for the lines are as tabulated

below.
iLine Size | Velocity of | Pressure Orop|length of Total
almm] flow Vin/s) g bar/m tubing L(m) | Pressure
Drop Ap
(bar)
Suction Line 8.53 2.% 0.024 0.183 0.0044
Discharge Line| 6.35 1.3 0.03 0.152 0.0046
Liguid Line 6,35 0.3 0,006 10,162 0.00097

The higher thes velocity of flow, the greater the
pressure drop; this change forces the refrigerant to flow
in the lines., In choosing the lines of any refrigerating
system, the lines should be of sufficient size that pressure
drops do not interfere with the efficiency of gperation,
In practice, charts are provided in selecting the lines by

either the pressure drop method or the velocity method.
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4,4 THE COMPLETE UNIT

The aevaparator (bare tube and dry expansian) and
the condenser {(air conled) are formed into 16 coils
{fig. 4.3} and 17 coils (fig. 4.4} respactively. Ths
various components are assembled together, carefully
Joining the lines by brazing- suction line (from evaporator
ta compressor), discharge line (from compressor to candenser)
and liguid line (from condsnser to expansion valve, An
additional component, the drier, is installed to remove
any meoisture content from the liquid refrigerant or this
may freeze out at tha expansion valve forming an ice plug
which will block refrigerant flow,

The system is charged with 2.8gis freon 12 refrigerant
and 149W compressor, Figurq 4.5 is a sketch of the complete
assembly unit illustrating cuhponents arrangsment and

refrigerant circuit, L :;ﬂ,¥¢{[1fﬂvrﬂ' .
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CHAPTER 5

EXPERIMENTS, RESULTS AND DISCUSSTION

5.1 EXPERIMENTAL ARRANGEMENTS

A household refrigerator cabinet is adapted for a
storage enclosure, Evaporator and Condenser (dry expansion
bare coil type and air-cool type respectively) are desipgned
and constructed, A hermetic compressor of 148 ,0W Capacity
is selected to match, Freon 12 refrigerant and an exter-
nally equalized thermostatic expansion valve are also sized
for the system,

Two pressure £auges are mounted at inlet and outlet
of the evaporator, Thres Copper-constantan thermocouples
are soldered, oneg to the Bveporator, one te the inlet to
the expansion valve and the third to the outlet of the
evaporator,

A sling psychrometgr (wet - angd dry - bulb thermometers)
is mounted to the inside of the cabinet space as shown in
Fig. 5.1. The cabinet space is connected to a boiler for
supply of steam,

A cold-junction of -10% - -20°C 18 obtained with

a 1:3 salt/crushed ice mixture,
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5.2. EXPERIMENTAL PROCEDURE

The general procsdurs hers is to maks measyrements of
the refrigerating effect (QreFl [a direct measure of the rats
of heat transfer bstwsen the humid {moist) air in the
refrigerated space and the evapaerator coils]. The cooling
Load on the system could be regarded as that dus to air
infiltration by doar oapenings - the condition of surrcunding
air,

Scope of Experiment

The test was first run with ai} afﬁtﬁe prevalling
atmospheric condition. Initial condition of the air was
recorded by the sling psychromster {the wet - and dry-bulb
thermometor readings -~ tdb and t respectively). Moisturs
contant and Ralative Humidity were deduced, The eguipment
was allowed to run and ot intervals of 15 minutes, readings

of t and t

tans b 17 o
positions were recorded. This continued until tdb Wwas

tS corresponding te the thermocouple

fairly constant (tqb = tal. .

Far the next runs, steam'afT;.d bar was injscted into
the cabinet space and allowed to diffusa. A nsw air condition
wds obtained when tdb was fairly steady. The equipment was
again switched on and the above set of readings taksn, This

was repeated for further injecting steam,
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After each test run, the frost formed was observed and
apparatus allowed to defrost completely by the off-cycle

method.

5.3 CALCULATIONS AND RESULTS

5.3.1 Total evaporator length used
La = 5,433m
Diameter of tubing used

d = 9,53mm

.+ Total surface area of evaporator coil

- dL
AG Toe

e (#)(9.53x%10 2m) (5.433m)
. 0.163m°

Effective Cosefficient of Heat Transfer (hal

Effective Coefficient of transfer of heat from the
humid 2ir in the cabinet to the evaporator surface is

defined as

Q
c = - - e e e e e = -
g/A = 9hc ho(t, - ¢} (5-1)
Q /ﬂ
cc/’®8 =000  eeeeceece- {5-2)
T

This coefficient includes

(i) the effect of the frost deposit {(thermal resistance
of the frost layer)

(ii) the effect of sengible and latent heat transfer
rates,
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The tooling Capacity, Qccy is determineg by heat balance

on the basis of the refrigerant,

52.3.2 REFRIGERATING EFFECT (DPBFJ AND COOLING CAPACITY [Qcc)
This is Gooling Capacity per uynit mass of rafrigerant,

From Fig, 4.1,

— | kJ | B e _-"
QPEF b {h2 - h1J kg : _._mj;..' (5-3)
- - kJ ff'i:- ________ -
énd mcc = m.(h2 h1] T5c . - I ‘ _FS 4}

From the charging of the system

m = 2,8g/8

.o. QDC = 2_. B[ h2 - h1 ) | - . ' _________ (5_ 5}

5.3.3  MOYISTURE LONTENT (u) ..

Volume of dry air
Va = (.28 m3 = Volume of Cabinet;mass of dry air
Ma = PV,

at Tatm,

0y = 1177 kg/m®

a _
o m, = (1.177 kg/m3][0.26m3]
= 0.33kg. |
m
But w s EE _____________________ (c-1)
a
my * wm,

f
=
B T |
|3
R =
™~
5
jHe
-
]
f
¥
i
1
'
'
X
wn
!
[=))
| —
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Equations (5-2), (5-5) and (5-6) are used in computing the

parameters indicated and results tabulated as shown in

tables of results,
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CHANGES IN AIR CONDITION-VALUES OF

CHANGES IN MOISTURE CONTENTS

38

RUN 1 - Table 5.2a
ot [T T (T, e | 6 | _a0"3 -3
(min} ab a Wb (3] (K‘ : x10 XTD l TOtal r‘BdUCtiDr‘r
({°C) . v kg mv Am inm
- _Bdryail“] (Kg) v v -3
x10 " (kg) (kg)x10
0.0 0.0
0 24 15.2} 35 3.97 1.046 | o 386 0.366
30 19 10.6 | 32 2,00 0.660 |  4gs
- =
60 16 7.8 27 1.41 0.465 | 4 g2 0.581
90 15.3 7.0 25 1.22 0.403 | 4 gs 0.643
120 14.5 5.8] 22 1.04 0.343 { 4 a3 0,703
150 14,5 5.6| 20 0.91 0.300 0.746
RUN II - Table 5.2b
' - _ 0.0 0.0
0 27 55 5,53 1.826 4 5q
12.8 y :
30 18 51 3.17 1.045( (38 0.78
8.3
60 14 46 2.09 0.688] 5 oag 1.138
7.2 .
90 12.8 42 1.81 0.599 1 s 1.227
6.0 :
120 12.3 39 1,68 0.554 4 030 1.272
150 12,2 ] 58] 33 1.59 0.524 1.302




RUN III - Table 5.2¢

39

t ] T T T ® & x10™7 x10~> | Total reduction
(min) (%) (kgv kgdryair) M M‘v hm, -3
%10 (kg) (kg) (kg)x10
i 0.0
ol 30 29 65 7.98 2.63 s 0.00
30 | 17.0 14.4 | 63 3,63 . 1.20 583 1.43
60 | 15.0 9.4 | 60 2.86 0.943 o.195 | 1687
90 | 12.5 8.0 |56 2.27 0.748 — 1.882
120 | 12.0 7.0 |50 1.95 0.644 - 1.986
150 | 11.8 6.0 |45 1.81 0.599 2.031
RUN IV - Table 5.2d
! 0
0] 33 0 |75 10.88 3.59 - 0.0
30 | 17.5 14,4 | 72 4.08 1.35 058 2.24
60 | 13 10.6 | 65 2,72 0.90 o485 2.79
g0 | 12.2 8.3 | 60 2.27 0.75 5 3 2.94
1‘ - - .
20 | 11.6 7.2 | 55 1.95 0.64 -, 3.05
150 | 11.0 6.7 | 51 1.77 0.58 3.11
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Table 5.3 - Values of Constants a £ b for some typical opersting

conditions,
| p (%)
| 35 55 65 T
S ]
Mo % | 36 | 54.5 | 67 74 .
!b % 1=0.,125 ! -0,125 | -0.134 | -0.148 ,
. min | J

Table 5.4 - Values of toe
operating conditions,

. .
and ’cr for some typical

| INITIAL RELATIVE HUMIDITY ¢ (%)

35 B €5 | 75 |
[t hmdnd 54 s | 86 T
| “er ! ; '
o (%) 28 L ay ! 58 ! 63
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Figs. 5.%a - 5,5d =~ Values of L and tr for some typical

RUN 1 - Fig. 5.5a

operating conditions,

RUN II - Fig 5.5 b

b= t/tér ’r T m/ch bp T t/tcr ’r T ¢/¢cr
o.uo | 1,25 0.00 1,18
0.56 1.14 0.50 1.08
1.1 0.96 1.0 0.98
1.687 5,89 1.50 0.89
2,22 D.79 2.00 0.53
2.78 .71 2.50 .70

RUN IT1I - Fig. 5.5c RUN IV - Fig. 5.5d
0.060 1.16 .00 1.19
0.45 1.09 G.40 1,14
U, 91 1.03 0.80 1.03
1.36 0.96 1.20 0,95
1.82 0.86 1.60 0.87
2,27 0,76 2.00 U.81
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5.4 DISCUSSION OF RESULTS

5.4.1 OBSERVATIONS 2 TABLES

It is observed that thao distribution of frost across
the evaporator coil is uneven, The frost surface is also
not sharply defined because of the fuzzy nature of the
frost deposit. These have made it practicelly difficult to
measure the frost layer thickness. It is observed however,
that the frost layer is greater at higher air humidity.

The heat transfer characteristic during frost formation
{or ‘on’ time duration) is judged by the valyes obtained for
the effective coefficient, ha‘ given by equation (5-2) and

the cooling capacity, Q__., given by eguation (5-5). These

ce
valyes, for each test run, are presented in tables 5.%a -
5.%d.

In tables 5.1a - 5.1d is also shown the drop in air
temperature [taJ in the refrigeratsd chamber. The drop
can be seen to be faster initially, corresponding to the
increasing heat exchange, and then to a fairly constant
valyes for a particuler operating condition.

In & design problem, the mass of frost precipitated
could be computed from the estimated change in moisture

content where the surface temperature is below the freezing

point of water,



But when the moisture phases out partly as frost and partly
as liquid water, the problem becomes more complicated [9].
The quantity of mecisture transformed is influenced by the
relative air humidity and air temperature of the refrigerated
chamber. This is shown in tables 5.2a - 5.2d for the
different test runs,

There is also a change in relative air hymidity in the

chamber during the 'on' time duration of the system.

9:8:¢ GRAPHS

Figure 5,2: This shows the variation of the cooling

capacity, Dcc’ with time for four values of initial relative
air humidity. In general, the higher relative air humidity
has higher cooling capacity. This is probably due to the
availability of more water or gas molecules acting as
carriers for the heat which is naturally convected., The
cooling capacity alsu decreases with time, Each curve of
. f(t) tends to have a small slope initially and as the
storage temperature approaches that of the coil, the cooling
capacity tends to decreasc very slowly to a values corres-
ponding to 'dry' operating conditions, The trend is
probably due to the formation of frost on coils which

increases the thermal resistance and simultanecusly decreases

the temperature potential.
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Figure 5.3:

There exists a considerable variation of heat exchange
in comparison with 'dry' cperating conditions. This could
be attributed to the precipitation of frost on th: evapo-
rator coil, The variation may be judged by the character
of the change in the heat transfer coefficiaent, hg. Figure
5.3 is a plot of the variaticn of hB with time. The
exhibition of a maximum point for the curve n_ = f(t) is
very significant, corresponding to the most intensive heat
exchange, Up to the maximum point, the coocling is probably
done to supply only the necessary sensible heat for the air
and moisture to attain the freezing temperature. Beyond
this point, cooling is done only to offset the infiltration
and to provide latent heat of fusion. The coefficient
tends to a constant valve which is typical for the low
relative air humidity. This mey correspond to the trend
of change in moisture cuntent to a constant valve. The
influence of relative air humidity on he can be seen from the
same figure 5.3. At higher initial relative air humidity,
the maximum point of the curve hB = f(t) is shifted to the
right, the steepness of the curve is also increased and at
the same time ha reacheas its value in conditions of dry

heat exchange more rapidly.
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This may probably be due to higher frost growth rate on
the coils at higher relative humidity. causing greater

thermal insulation.

FiEure 5.4:

The variation of the quantity of moisture transformed
(either in frost or liquid form) is of particular importance
for the selection or design of the defrosting system,

Figure 5.4 represents the relation Am,, = fl(t), showing
that the quantity of moisture precipitated or condensed
increases initially and then tends to & constant value, It
depicts the rate of 'freeze drying' obttained relative to an
initial relative humidity. The qualitative trend of this
graph may be given as

G, = pelc.t)

where c = c(Ucc. he]

A = A(t), defined as gradient from the origin,
to curve G5 = f(t) at time of consideration.

If the change in moisture contsnt am_, is considered as a
measure of quantity of frost precipitated, then Fig. 5.4
may be interpreted as representing the frost growth rate

G = FlL).
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Figure 5.5:

There is also a variation in ccil surfece temperature,
ts‘ with time. Ouring operation, ts is ssen toc dscrease.
The variaticn is linear as is shown in figure 5.5 and may
correspond to increasing frast buiid-up. As the frost
build-up proigresses, the decreas: In “g Means s colder
refrigerant temperature which rssults in a lower back pressure

and may affect the compressor,

Figure 5.6,

(4]

The relative »ir humidity ir the chamber fcllows

(84]

linear veriztiun with time as is <:ricted in figursa 5.5.
The relation ¢ = f(t) may be presenced in the form ¢ = & + bt
where a and b wre constants eveluated for the _perating

conditions under consideration as is siven in table 5,3,

Derived Graphs and runctions:

It may Le use-ul to combine ths variaticn of relative
air humidity, ¢, in the chamber and the variation of the
coefficient hg. Bboth functions of tirz (figure 5.5 and 5.3
respectively). The combination c: currclation may be
useful in view of tha fact that mout cold storages are
meant to control simultaneousl; air nunidity and temperature.
It is seen in fipure 5.3 that at a hi nar relative 2ir humi-

dity the maximum of the coefficient h  is higher leading
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El

to a higher drying capability of thé cﬁld stﬁbagé; Hence

a correlation betwean &, ha and time t may help in arriving
at when to lower this maximum and also control air humidity
and temperature in the chamber.

The time at which the maximum he is attained may bs
dafinod as the 'critical’ time topo this is found from
figure 5.3 (values ot four different initial relativs
flumidities are shown in table 5.4), These values are used
to read-off the corresnonding &, designated ?p from
Fig. 5.5, tUsing er and tcr as the refarence velues, ¢

and t are ’'reduced' and dufined as

¢

r ¢/¢c

r

_t
tr ) /tcr

Table 5.5 contains thesg 'reducged' velues,

Figure 3.7:-

This is a plot representing the function 5. = f(tr]
which can he expressed as @r = g + Btr » a and g being
congtants evaluated to be a = 1,20 and @ = -0.2 giving

¢r = 14,20 -~ D'3tr

Thus by scaling down & and t, & single function in the
reduced form is obtsined which describes the condition of

air in the chamber for its operation..
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Figure 5,8:-

For the expression

or = 1,20 - G.Ztr
to be useful, a relaticn of the criticael values #cr

and € is necessary. This relation is given by figure 5.0.
The curve obtained is of the form
$iw © m(tcr - 40) with m = 2,
ie o . = 2(t - 40}
Therefore to describe air condition in the chamber at any

given time during operaticon, these four equations are

necessary
¢r = 1,20 - D.Ztr
Yo * Z{tcr - 40)
o T °°cr
and t. = S/t
Example:

Consider for this system an initial air condition with
relotive humidity of 75% It is required to find the condi-

tion after a time of 30 minytes of operation.



Soiution

Here, at t = 4, = t = 0, or Lt = i;Li + 40
o = 75% - 77 .¢5min
.« Ffrom ¢ _ = 1,20 - 0,2t or © = 3Umin..
: : . 30
g = 1.2 £, - H;'cr 71.25
r . . - .
= 515 ‘
and from s 4 = (0.421
t = ' 1 4 1
b a /1.2 Substituting in
s 25/ a =  J— I
7304 2 e (0 ¥ 2t? we have
= 09 Fe o fok (0.2)(0.421)
-3 Aar 1 113
from @cr z.(tcr - 419)
62.5 = 2(t__ - 40) 18 o/2 . = 1,116
e & o= (1.116)({62.5) = 68.75%
=

That is, after 30 min of operati_n tnis system orovides
in the chamber azir condition with relotive humidity of
69.75%, This compares closely with the value cf 72%

obtained experimencally (table - 2!

5.5 CONCLUSIONS 2 RECOMMENDATIC!S

The results present a picture of the influencs of
initial relative =zir bumidity in tn: chamber (- ravailing
ambient air condition) on the chanre in the mcisture content
(a measure of the mass of frost -reci~itated under condition
when the surface temperature of refri;erating coil is below

the freezing point of water) an. influence of this on tha
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effective hegat transfer coefficient. O0On the basis of these
tests and the experience ottained during their performance,
the following conclusions and recommendations may be made
for this system and similar ones.

(i) The defrosting cycle for the cold storage at the
investigated operatinz conditions may be determined
in accordance with

(1) the change in effective heat transfer coefficient

(2) the change in moisture content(or quantity of
frost precipitated)

and (3) considerations of the design,
In a design where air humidity and temperature control
is involued simultaneously, it could be inferred that
more frequent defrosting is required at the initial
stage of operation, in conditions of hicher air
humidity, in order to lowsr the point of maximum hs
(ii) The result on guantity of frost precipitated
may be used as initial data for defrosting system
calculations of similar cold storages operating under
similar conditjons,

(iii) The results propose two relationships

¢ = 1.2 = U.zt
r

r
B ™ Z(tcr - 40)
where ¢ _ = -
¥ ’écr ! tr /tcr
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that'may be used to duscribe air condition in the chamber
at any given time of operation for this system and similar
ones., The 'critical’ tims may be used as the optimum

time of operation before defrosting.

Recommandatiana for Furthuar Work

It has been stated earlier (and from the foregone
tests too) that frost formation is a big hazard in the
Refrigerating Industry. Further work on this subject could
be done with the aim of solving this problem. In view of this
I make the following recommendations:
(i) Further efforts for preventing frost formation
rather than employing defrosting methods (such methods
are generally messy) will be useful. The use of foreign
gas or gases, like N2 ’ CUZ. etc to delay frosting
may be investigated.
(ii) The validity of the derived equations in this
report,

¢r = 1,2 - U.Ztr

ch = Z(tcr - 40)
] t

/°cr ’ tr ) tcr'

where e, =
which describe eir condition in the refrigerated

chamber under test at any time during its operation,

eVl M ko8



(iii) Further attempts could be made in integrating

the equations

t
H_ - H
g = Mg I e _fae 0 aeeea- (3-10)
o o .
A
“
- 1 a
and  xg kg I J 3;(Ha - Hfldadt ------- (3-11)
GU

Since the designer is more concerned in predicting the
variation of Total Heat Transfer Rate with Time. The two
expressions give the relationship between frost thickness

and time,

OR (iv) It would be useful to further investigate on the
proper means of megasuring the frost layer thickness, Xp as the
equipment is operating under frosting conditions. This
establishes the frost thickness-time relationship and there-
fore the designer can sasily predict the variation of total

heat transfer rate with time.
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APPENDIX A

REFRIGERATION PROCESSES

Refrigeration is c¢ne important aspect cf thermal
anvironmental control. The refrigerating effect may be

produced by several means., Some of the common ones are:-

A.1 VAPDUR COMPRESSION SYSTEMS

This method is used in the majority, of refrigerati
systems with compression accomplished mechanically., Cooling
is accomplished by the evaporation of @ liquid refrigerant
(in the svaeporator) under reduced pressure and temperature.
Mechanical compression (in the compressor, elevates the
temperature and, pressure of the vapour. The high pressure
vapour condenses (in condenser) by heat rejection. The
relatively high pressure liquid is expanded (in the expansion
value) and fed to the evaporator, thus completing a thermo-
dynamic cycle [28]. Fig. A.1

A.2 VAPOUR ABSORPTION SYSTEMS

This provides the means for raising the pressure of the
refrigerant without appreciably altering its volume. In this
system, the evaporator, the condenser and expansion valve are
quite similar to those used in the meghanical compression

system, Fig. A.2
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The compressor has been replaced by a heater and generator
[26]. The vapour leaving the evaporator is absorbed by a weak
liquid solution in the absorber by removal of heat, produ-
cing a solution stronger in the refrigerant. The pressure

of this solution is raised to the generator pressure by the
pump. By addition of heat in the generator, refrigerant

vapour is driven out ¢f the solution and to the condenser.

A.3 USE OF PHASE CHANGES

Flash cooling or partial vaporization of the liquid
to be cooled, and ice couling were the methods employed in
early days, These are still in use today. Flash cooling
is used in cooling and dehumidifying atmospheric air in
comfort air-cenditioning-and water ice is important commer-
cially, Solid coz or dry ice sublines at approximately -
80°C at atmospheric pressure and may be used in producing

low temperatures,

A.4 THERMOELECTRIC COOLING

This is based on the principle that when current flows
through a thermocouple (ucually made of semi conductors)
heat is relased at one junction while heat is absorbed at
the other junction. This effect could be used for refrige-

ration purposes, Fig. A.3
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A.S. STEAM-JET-EJECTION SYSTEM

In this system flashing of some liquid tec vapour is
accomplished by creating a 'vacuum' and the remaining ligquid
is cooled to the saturation temperature corresponding to

the chamber pressure. Fig. A.4

A.b MAGNETIC COOLING

Lower temperature may be achieved by adiabatic demagne-
tization of certain paramagnetic salts, This requires that
work be done by the salt moclecules at the expense of their
internal energy, resulting in the lowering of salt temperature.

The salt molecules may be considered as tiny magnets. [28]

Fig. A.5
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APPENDIX B

SYSTEM COMPONENTS

A compression refrigercting system is made up essentially
of, and its performance depends on the proper functioning
cf the following components:
(1) GCvaporator (2) Compressor, (3) Condenser
(4) Expansion valve and (5) Refrigerant,
These components must be balanced for the system to operate
properly at design conditions plus every other condition

which may be expected during operation [4].

B.1 THE EVAPORATOR

Evaporating process is the purpose of the refrigerating
system. Absorption of heat to effect evaporation is what
constitutes COOLING.

An evaporator requires [10].

(1) Total surface proportional to the reguired load.

This is obtained by making the evaporator in form of

tube coils.

-
——

—

Fig. B.1 Ceneral form of svaporator.
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(2) Chamber to huld the liquid refrigerant and to
allow vapour separaticn,
(3) Circulation without eéxcessive pressure drop.
This is essential to avoid the clinging of bubbles
on the inside walls of gvaporator,
Two types of evaporatcrs are found:
(a) flooded; when the inside surface is full of liquid
refrigerant and,
(b) Ory Expansion with % or % full of liquid refri-
gerant,
Heat Transfer in Evaporator (: Evaporator Analysis),
Heat reaches the evaporator walls by conduction, con-
vection and radiatioun and reaches the refrigerant by
conduction through the walls, The capacity of svaporator
is determined by the factors governing the rate of heat
flow by conduction given by
Q = AUD e e sms s o (B-1)
or Qp = AK({TD) =T - = ==+ «(B-2)
Knowing heat transfer rate (Bt). conductivity (K) of
material of surface and the evaporator tempersture difference
(TC) the surface area of the evaporator can be calculated

and therefore the size of the tubing,
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The selection of an svaporator for a system is generally
based on the temperature difference, TO.

COOLING LOAD

Associated with the eveporator is the cooling load.
It is the load on the refriperating equipment and is the
summation of the heat which usually evolves from several
different sources., Some of the common sources of heat are:

(1) Heat given off by the air from door opanings.

(2) Heat that leaks into the refrigerated space from
outside by conduction through the insulateus walls and
floor (leakage load)

(3) Heat that enters the refrigerated space through
the c8iling top
{4) Heat given cff by the warm product as its tempera-

ture is lowered to the desired level., (Product Load)

(5) Heat given off due to respiration by living
products (Respircetory load)

(6) Heat given off by the ventilating air stream
{Infiltratory load) and

(7) Heat given off by people occupying the refrigerated
space and any other hegat-producing equipment located
inside the space, e.¢., electric motors, lyiths etc [10]



B.2 THE COMPRESSOR

A compressor generally admits fluid from low pressure
region, compresses it and delivers it to a high pressure
region, In compression refrigeration, the compressor is
the heart of the system. It supplies the forces necessary
to keep the system vperating [1].

Vapour compressors used in refrigerstion are of three types.

(1) Reciprocating (2) Rotary and (3) Centrifugal

The reciprocating compressor is by far the mast frequently
used, For smaller units, the hermetic comprsssor is used.
Compressor Analysis [ 23].

Considering steady flow reversible process in the
compressor, the energy equation is

3
Q = J Tds ymmmmem—— - (B-3)
2

But Tds = dh - vdp
3

o Q= I (dh - vdp) - = = -~ - = -(B-4)
2
assuming adibatic process in compressor and applying 1st

Law of Thermodynamics

Q +W=0+W=20
and (B-4) becomes

-

3
m l (dh - vdp) =0 - - - - - - =« = = = =«(B-5)
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But vdp = dw

.» Integrating (B-5) gives

That is to say, the i}FFarence in enthalpies of vapour
entering and leaving comuressor is a measure of the work

required to compress it.

B.3 THE CONDENSER

This is alspo a heat transfer component, It removes
both the heat absorbsd in svaporator, and the heat equivalent
of the energy input to achieve compression, The refrigerant
is convected back into liquid phase. The condenser has
similar requirements to those of the evapaorator [10]

(1) heat transfer surface

(2) sufficient volume for vapour delivered and

{3) good separation of condensed liquid from uncon-

densed vapour,

Threae forms of condensers classified on the basis of
the cooling medium

(a) air-coaled, employing eir as a condensing medium

(b) water-cooled, utilizinpg water as condensing medium



b1

(c) evaporative, using both water and air: the cooling
of refrigerant initially results from the svaporation
of the water; the function of the air is to increase
rate of evaporation by carrying away,

Condenser Analysis-
Heat is transmitted from the refrigerant to the cooling

medium by conduction. Heat flow rate is pgiven by
G=KMEY 00 esessees (8-7)
or A =——£l~f
K(ta]

Knowing the total surface area for a particular system, the

condenser can be sized,

B.4 REFRIGERANT CONTROL DEVICE

The control of refrigerant flow is an essential
feature for any refrigerating system. The functions of a
control device are two-feold [ 21]

(1) it regulates the flow of liwuid refrigerant
according to the cooling load.

(2) it maintains preseure differential between high
and low pressure sides of the system,
at the control device, four basic things take place:

{i) pressure drops irstantly from high to low,



(ii) temperature drops from condensing to
valves,

(iii) there is no change in enthalpy
(iv) part of liquid refrigerant instantly

vapour (flash gas) to effect the changa in

Types of Controls

Six basic types are available:

(1) Qowside float (2) High side float

862

evaporating

changes to
temperature,

(3) Hand Expansion valve (4) Capillary tube

(5) Automatic Expansion Valve and (6) Thermostatic

Expansion Valve,

B.5 REFRIGERANTS

Generally spesking, @ refrigerant is any body which

acts =8 cooling agent by absorbing heat from ancther body

(10]. 1In the vapour comuression cycle, the refrigerant is

the working fluid which alternately vapourizes and condenses

as it absorbs and gives off heat respectively,

A refrigerant must Possess the following qualities:-

(1) chemically inert
(2) non-explosive
(3) non-flamable

(4) non-toxie and non-irritating

(5) possess critical temperature well above the

condensing temperature.
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B.6 COLD STORAGE ENUCLOSURE

This is any enclosure where temperature is maintained
lower than the surroundings [21]. Such an enclosure must

(1) be well insulated

(2) provide a vapour barrier

(3) have doors to bring products in and out

(4) be protected against excess heat

A cold storage can be classified under WALK-IN or
REACH-IN. [10]

Walk-1in Fixturgg

These are primarily storage fixtures found in retail
stores, markets, hotels, institutions, etc. where products
are removed from or placed in the space by walking into the
space: e.g the cold rooms for vaccine storage at the
National Veterinary Research Institute, Vom. Here, vaccine
bottles can be loaded or removed by walking into the cold
room,

Reach-In Fixtures

These are widely used, they are typically found in
grocery stores, meat markets, hakeries, drug stores, etc
where desired products are merely picked or placed by

extending the arm, eg removal of meat from a deep freezer,



64

APPENDIX C

HUMTIDTTY

This is a term used to describe the presence of
moisture (low pressure steam) in the air. The amount of
moisture that air can hold depends on the tempsrature of
the air [2].

Specific Humidity (w)

Ratio of mass of water vapour [mv) to the mass of dry

air. (m)) in a given volume is the absolute humidity

Mv/m, e I (-}

YA
m
Treating the water vapour as a perfect gas
P, V = Mv Rv T
Similarly for dry air,
Py ¥ * Ha Ra T
p . m R
v/Ps s,

MR

a

or w = Fy a3
PR

. = P
S w o= 0,622 Py .
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Relative Humidity (%)

This is the ratio of actual partial pressure of
vapour (pv} to the partial pressure of the vapour when the
air is saturated at the same temperaturs (pg]. It is
the amount of moisture in a given sample of air compared
to the amount of moisture the air would holad if totally
saturated at the temperature of the samplae.

b = pv/pg - mg/[mv)sat'
The reletive humidity is 2 measure of how air will affect
other things.
Dew Point (tdpl
The temperature to which unsaturated air must be

cocled at constant pressure to become saturated,

Sling Psychrometer

This is used to measure relative humidity of the air
and is made-up of

(1) a dry-bulb thermogeter - measures the actual
temperature of the air (tdn]

(2) a wet-bulb thermometer - this thermometer has its
mercury bulb placed in a moist wick and evaporation
from the wick lowers the thermometer reading (twbl.

' The difference between t and twb is a measure of

relative humidity.

db
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Humidity in Cold Storages

In a cold storage, it is aimed at maintaining some
amount of moisture (humidity) in the storage space.
Evaporation of moisture from stored products (for instance
food stuffs) takes place i+ the space contains very dry air;
the rate of evaporation depends on the air ralative humidity
in the space,

This moisture content, however, is affectad by the
evaporater coil temperaturz, The desired temperature
difference between the evaporator and stoasge space air humidity
is therefore something of a compromise. A large temperature
difference requires a lower evaporator. But this requires
a lower back pressure resulting in very dry air and thus
low humidity., A smaller temperature difference on the
other hand requires a larger evapcrator coil and less mois-
ture is taken out of the air as it passes over the coil

producing a higher space humidity [21],
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APPENDLIX D

DEFROSTING METHODS

Defrosting is the msané of rémoviﬁéw%roét From.the
evaparator surface. frost acts as insulation and reducss
the avaporator capacity. Defrosting of the evaporator is
accomplished in @ numbier of different ways and because
frosting is an important problem in the Refrigeration
Industry, it is worth looking at these diffarent ways.
Defrosting methods, can be classified as 'matural defrosting’
or 'supplemantary-heat defrosting’ according to the socurce

of haat used to melt-aff the frost [10].

C.1 NATURAL OR 'OFF-CYCLE® DEFRDETING

These methods utilize the heat of the air in the cold
storage chamber, to melt the frost after the system has
besn shut down, They are not, however, applicable when the
storage chamber tempwrature is equal or less than the
freszing tempesrature of thse water,

(2) Manual Defrost rMethod

This involves manual stopping of compressor or

refripgerant flow to the evaporator to be defrostad.

T . o

usine,  LUNCEBNTratyrs ere also available to gvaporate

some of the water %0 maintain the brinae concentration.
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(c) Hot l.as Method

This entails the use of a Ly-nass to et hot refrige-
rant from the compressor to rlow tnrough the evaporator,
Modifications are however mouc to present large slug of
liquid refrigerant getting intoc che compresscr.

(d) Hot Cas Thermobank Met ivd

In this method, a water 'Cenk' stores soms portion
of the heat discarded in tns condemser during the
normal operaticn, This is used in vaporizing condensed
refrigerant in the suction line dyping frust back.

(e} Vapomatic ODafrost Mgtnod

A specially designed accumulator in the suction line
traps some liquid from evaporater during defrosting,
This liquid is then metered to tha compressor along with
the suction vapoub.

(f) Electric Defrost

Electric resistance heaters wre attachei to or built
into the evaporator, The e-zctric defrust cycle can be
started end stopped mannualiy or a defrost timer may

be used to mahk: defrosting completely automatic,
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TABLES

(Repraduced from Ref. 21)
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TABLE E.1" - COOLER USACE FACTORS (For Coolers below 45.3m3]

J 30
— USAGE FACTOR, F(W/m>.°C) !
REACH-IN CABINETS | WALK-IN CABINETS |
LIGHT | 33,5 1.2 i
|
MEDIUM (NORMAL) 41,0 14,9 |
1 |
HEAVY ; 56,0 22.4 !
o = J
TABLE E.2 - SIZES AND WEIGHTS OF COPPER TUBING

OUTSIDE | WALL INSIDE WEIGHT, | LENGTH PER |
DIAMETER, | THICKNESS, DIAMETER, Wkg/ ") | M2 EXTERNAL |
0, (mm) x(mm) D, (mm) SIURFACE (m) [
pe i
7.15 0.76 3.24 0.078 67.54 |
| 6.35 0.76 4.83 0.12 50.16 }
8.186 0.81 6.31 0,16 40,00 @
3.53 0.81 7.90 0.20 33.48 |

12.70 0.81 10.95 0.27 25.05
16,33 0.89 14 .10 0.37 20.03 f

19,59 0.89 17.27 0.45 | 16.72
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TABLE E.3 - HEAT TRANSFER IN REFRICERATION EQUIPMENT

NOTES TO TABLES E.1 AND E.3

The Usage Fector, |

(TABLE E.1)

conoueTIvty, k(®/? %)
' COOLING AIR
ATR VELOCITY (kmv/h)
STILL AIR | 1.01 11,52 1203 2,54
DIRECT EXPANSION COIL | 0,142 }2¢wu1:.23i? 7ae 13,370
BRINE COIL T104704 ld.zo 568 (626 B.BIE
PLATE OR HOLD-ODVER TANK| 0128 | | |

In most refrizerating applic:tions, simplification is

made on cooling loac calculations Ly dividing thz total

cooling loac into

(1)
(2)
(3)
(4)

the
the
the

the

wall gain load
2ir change load

product load and

supplementary loac.

Further simplification is made for small refrigerating

equipment and 45,305m>

storags.

capacity, used for ganeral-purpose
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Here the product load is frequently unknown or varies
fom day to day so that it is not possible to compute the
product load with any real accurery [10]. 1In such cases,
use is made of the USAGE FACTORS, F (or lgad factors) which
have been determined by experience. Using this method
of calculation, the entire cooling load is divided into
two parts:

(a) the wall gain or leakage load, given by

Q,"UAAT  eeeeeees (E-1)

and (b) the usage or service load given by

. =Fl T 00200 sesssswess (E-2)

In determining F, allowancez s made for normal usage (where
the quantity of product hendled is normal) and heavy usage
(where room temparaturegs are likely to be high and large
quantities of warm products are involved). The factor also
varies with the type of fixture , either walk-in or reach-in
as can be seen in Table k.1,

The K Factor (Table €.3)

The heat leakages through some surfaces is better given
for the average thickness sueh surfaces are made. Thus the

factor K replaces k/x in thg heat leakage formula
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Ak(to - téJ

x

k i
- A[;](tﬂ = tﬂ)
- AK(tO - td] _______ (E-2)

X

or K = = in units of (w/m2.°c1

Thickness x is therefore eliminated,
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CLOSSARY OF SOME TECHNICAL TERMS

SPECIFIC HUMIDITY: amount of moisture in the airp

{kgwatar vapour kgdryair]

ABSORBENT: Substance with the ability to absorb or take up
another substance.

ABSORPTION REFRIGERATION: Refrigeration by using the cooling
effect furmed when a refrigerant is absorbed by

chemical substance

ACIABATIC COMPRESSION: Compressing refrigerant gas without
removing or adding heat,

AIR CONDITIONING: Control of the temperature, humidity,
air movement and cleaning of air in a confined

gpace.,

AIR,COOLED CONDENSER: Hsot of compression is transferred
from condensiny cecils to surrounding air.

AIR COOLER: Mechanism desipgned to lower temperature of air
passing through it,

AIR INFILTRATION: Leakage of air into rooms through cracks,
windows, docrs and other openings.

AMBIENT TEMPERATURE: Temperature of fluid (usually air)
which surrounds objact on all sides.

AUTOMATIC DEFROST. System of removing ice and frost from
evaporators automatically
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BACIL PRESSURE: Pressure in low side of refrigerating
system; also called suction or low-side
pressure

BRAZING: Method of joining metals with pon-ferrous filler
BRINE: Water saturated with salt
CASCADE SYSTEMS: arrang2ment in which two or more regrige-

rating systems are used in series produces
ultra-low temperatures,

CENTRIFUGAL COMPRESSOR: Pump which compressor gaseous refri-
gerants by centrifugee force
CHARGE: amount of refrigerant placed in a refrigerating unit,

COEFFICIENT OF CONDUCTIVITY: measure of the relative rate
at which gifferent materials conduct heat

COCFFICIENT OF PERFORMANCE (COP): Ratio of work performed
as cempared to the energy used,

COLD JUNCTION: That part of a thermoelectric system which
absorbs heat as the system operates,

COMPRESSION: Denotes increase of pressure on a fluid by
using mechanical enerpy

COMPRESSOR: Pump of a refrigerating mechanism which draws a
low pressure on cooling side of refriperant
cycle and squeezas or gompresses the gas into
the high-pressure or condensing side of the
cycle.
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CONDENSATION: Liquid or droplets which form when a gas or
vapour is couled below its dew peint

CONDENSER: The part of refrigeration mechanism which receives
hot, high-pressure refrigerant gas from compressor
and cools gaseons refrigerant until it returns to
its returns to its liquid state

CYCLE: Series of events or operations which have tendency to
repeat in the same order.

DEFRDST CYCLE: Refrigerating cycle in which svaporator frost
and ica accumulation is melted-off.

DEFROSTING: Process cf removing frost accumulation from
evaporators

DEHUMIDIFIER: Device used to remove moisture from air,
DEW POINT: Temperature at which vapour begins to condense.

DRIER: Device used to remove moisture from a refrigeration
system

EVAPORATION: Changing of a liquid to a gas. Heat is
absorbed,

EVAPORATOR: Part a refrigerating mechanism in which the
refrigerant vapourizes and absorba heat,

EXFANSION VALVE: Device in refrigerating system which
reduces the pressure from the high side to the
low side and is coperated by pressure

FROST BACK: Condition in which liquid refrigerant flows
from evaporator into suction line indicated by
sweating or fresting of the suction line.
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HEAT EXCHANGER: (pevice used to transfer heat from a warm or
hot surface to a cold or coocler surface.

HEAT LOAD: Amount of heat removed (in Watts).

HEAT SINK: Relatively cold surface capable of absorbing heat.

HERMETIC COMPRESSOR: Compressor which has the driving motor
sealed inside the housing or done

HOT JUNCTION: That part of thermoelectric circuit which
releases haat.

HUMIDIFIERS: Device used to add to and control humidity,
HUMIDITY: Moisture, Dampress of air,

NONCONDENSABLE CAS: Gas which does not change into a liquid
at operating temperatured and pressures.

DFF CYCLE: That pert of a refrigeration cycle when the
system is not operating.

PRESSURE DROP: Pressure differesnce at two ends of a circuit

or part of a circuit.

PSYCHROMETER: Instrument for measuring the relative humidity
of atmospheric air,

REFRIGERANT: Substance used in refrigerating mechanism
which absorba hegat in evaporator and releases
heat in condenser

REFRIGERANT CONTROL: Device which meters flow of refrigerant
betwean two areas of a refrigerating system

RELATIVE HUMIDITY: patio of amount of water vapour present
in air to greatest amount possible at same tem-
peratura.
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SATURATION: Condition existing when substance contains all of
another substance it can hold for that temperature
and pressure

SENSIBLE HEAT: Heat which causes a change in temperature of
a8 substance,

SUSLIMATION: Conditicn where a substance changes from a
solid to a gas without becoming a liquid.

SWAETING: Condensation of moisture from air on cold surface

THERMOCOUPLE: Device which generates electricity, using
principle that if two unlike mertals are welded
together and junction is heated, a voltage will
develop across the open ends,

THERMOSTATIC EXPANSION V/ALVE: Control valve opzrated by
temperature and pressure with in evaporator
controlling flow of refrigerant.

TUBING: Fluid-carrying pipe which has a thin wall,

VAPOUR BARRIER: Thin plastic or metal foil sheet used to
prevent water vapour from psnetratinp insulating
material.

CRITICAL RELATIVE AIR HUMIDITY: Relative Humidity at maximum
heat exchange.

CRITICAL TIME: Time taken to attain maximum heat exchange
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