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INTRODUCTION. 

The purpose of this thesis is to make a thermody- 

namic study of the absorption refrigeration process, de- 

veloping such equations as may be of use in studying the 

process and making calculations relating thereto. In gen- 

eral, the technique which has been employed in dealing with 

this subject is new, and not in accordance with the current 

methods of treatment. The reason of the. writer for devis- 

ing this technique in dealing with ihe subject is that it 

enables one to better understand the actions of the process, 

and to better see the influence that the many variable con- 

ditions of the process have upon the performance of the ma-~ 

chine. In short, the purpose .of this thesis is to propose 

a new method of studying and making calculations concerning 

the absorption refrigeration process, which method, it is 

10ped, will be more useful than the current methods used in 

this connection, especially when the study or calculations 

made relate to the conditions of maximum efficiency and min- 

imum cost. 

It is to be mentioned here that the importance of the-- +
 

absorption refrigeration system is growing. This type of 

machine is now aboul to be introduced into the field of do- 

mestic refrigeration. With the coming of this 

the absorption machine new problems of design at once pre- 

sent themselves, for the of operation must of ne- bh 





Part I. 

he principle of operation of the ammonia ab 
f
i
e
 

sorption refrigeration system is known, and is dealt 

with in many books, hence it will not be explained here. 

T A 
UATIONS RELATING TO 

In connection with the process the following equa=- 

tions apply: 

{1) 

where 

N= Weight liquor to be circulated 
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where 

X= Concentration of solution 

T = Absolute temperature of solution 

I'= Absolute temperature of saturated ammon- 

ia corresponding to the pressure on 

the solution. 

os Q =345(1-X) - 400% (3) 
" 

oncentration, 3(X, - xX) 4
 

ul v
t
 

0]
 

[A
Y]

 

Q
 

5 
= 

oO
 
%
 

Heat developed when one pound of liquid 

ammonia 1s added to liquor of concen- 

tration Xsincreasing its concentration 

to £, 



Of the preceding equations, (1) is mathemati- 

cally arrived at and is exact, while (2) and (3) 

are imperical, and only approximate. The approxima- 

tion, however, is sufficiently accurate for practi- 

cal purposes. 

EFFICIENCY OF ABSORPTION MACHINE. 

There is no very adequate treatment dealing with 

the efficiency of the absorption process. The effi- 

ciency of the process, when considered as though the 

heat supplied were applied to a perfect engine driv- 

ing a perfect reversed engine as a refrigerator, is 

readily derived, and an expression of the efficiency 

on this basis has been included in some works on re- 

Sean eb 
frigeration.’ The inaccuracy of dealing with the 

fficiency on this basis is acknowledged. Neverthe- 

less more appropriate means have not been introduced. 

In the following there is given a method of study- 

the process on a somewhat different basis than is 

conventionally used, which method, admits more readily 

of the study of the process from the efficiency stand- 

point. A theoretical cycle, varying somewhat from oper- 

ating conditions, is at first assumed, and the study 
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% See: Goodenough: "Principles of Thermo- 
dynamics’ p. 59 ~ 64. 

#% See: Ewing: "The Mechanical Production 
of Cold" p. 28. 



cycle 1s to afford a means of studying the process; and 

a method of dealing with the conditions of practice is 

later given. 

The assumed theoretical cycle is as follows: 

(1) The concentration of the solution in all parts of 

the system remains constant, or rather, varies only by 

an infinitesimal amount. This occasions that an infi- 

nite amount of liquor must be circulated in order to 

drive off one pound of ammonia gas from the generator. 

(2) The exchanger is assumed perfect. That is to say 

that heat is exchanged from the liquor passing from the 

generator to the absorber, to the liquor passing from 

the absorber tc the generator, with only an infinitesi- 

mal temperature difference in the two liquids. This 

will occasion that for each pound of ammonia gas circu- 

pound of liquor passing from the absorber 

to the generator must be taken through a separate pas=- & 

o 
sage from the exchanger. If all the liquor exchanged 

passed through the absorber there would be a temperature 

difference in effecting the exchange of heat, and this 

is not admitted in this cycle. 

(3) It is assumed that the work required to force the 

liquor from the low pressure side to the high pressure 

slide of the system is accomplished by, 

work that is available due to the 

sous solution and the liquid ammonia in the 

reverse direction. It is assumed that these two amounts 



of work are equal, and therefore balance each other. 

(4) It is assumed that there is no water vapor driven 

off in the system. 

Now that the cycle has been assumed, it may be 

said that the method used here is a comparison of this 

cycle with the previously mentioned perfect machine in 

which the heat supplied was utilized to run a Carnot en- 

gine which in turn drove a reversed Carnol engine as a 

refrigerator. 

In the case of the perfect machine the efficiency 

of the machine would be the product of the efficiency of 

the Carnot engine and the coefficient of performance of 

8 the refrigerator,® ors [W
Y]

 

the reversed Carnot engine used 

pe WT, = To) (4) 
1, - 1p 

where B denotes the efficiency of the machine, T the tem- 

perature of the heat supplied, which of course corres- 

ponds to the generator temperature, T the lowest avail- 

able temperature, and T the cooler temperature. The a- 

bove is the equation for the highest efficiency that any 

machine can have. 

The reason that the preceding equation does not ap= 

ply to the theoretical absorption cycle previously as- 

sumed is that there are losses due to irreversible ac- 

tions which take place in the cycle. These irreversible 

% Ewing: "Mechanical Production of Cold" 
P- 25. 



actions are four in number. It is of importance to 

know something of the magnitude of each of these los- 

ses and how they vary with conditions, for they re~- 

late directly to the efficiency of the machine. When 

the total available energy lost is known the efficiency n
n
 

of the cycle can then be determined from its relation 10 

the efficiency of the perfect process. The following de-~ 

velopment gives the determination of the losses of the 

cycle and the efficiency of the cycle. 

The connotations used are: 

T,= Lowest available temperature 

T = Generator temperature 

Tg = T,= Condenser temperature 

Tic Temperature of cold bod 

ed T,= Absorber temperature 

(These connotations refer to liquid states 

tn the system) 

1. 2, 3, and 4 denote respectively the states of the 

liquor in the generator, the liquid ammonia in condenser, 

the liquid ammonia in cooler, and the liquor in the absorb- 

er. 

(These connotations refer to gaseous states 

in the system) 

la denotes the gaseous state immediatel @
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driven from the generator at generator ter 



gaseous state immediately before it condenses in the con- 

jenser at condenser temperature, 3a the gaseous state im- 

mediately after it evaporates from the liquid in the cool~- 

er at cooler temperature, and 4a the gaseous state imme- 

diately before it is absorbed in the absorber at absorber 

temperature. 

In this assumed theoretical absorption cycle the four 

irreversible processes, previously referred to, which re- 

sult in a loss of energy are as given below: 

Loss (a), = the loss in the passe from state la 
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Loss (c), - the loss in the passage from state 3a 

Loss (d), - the loss in the passage from state 1 

Lo 4. 

)] Loss (a). In the passage from state la to 2a the 

superheated gas gives up heat above the lowest available 

temperature to external sources. The available energy 

dissipated in this process is: 

M(T, - T, - T,1log Tp) (2) hy hotel ° 0 LOE 4 

To 
M= Weight of ammonia circulated 

l/ ur od bets ; : : 
C= Mean specific of superheated ammonia hea 

between generator temperature and absorb- lo] * 

er temperature under the existing pressure. 

% See: Goodenough: "Principles of Ther- 
moaynamics 5, Pe. OS. 



Loss (b). In the passage f rom state 2 to 3 there 

is a loss of available energy in as much as the liquid is 

cooled from Ty to Tgat the expense of absorbing the heat at 

the low temperature Ly that is to say, heat flows from a 

body of one temperature to a body of another tempe 

which always results in a loss of available energy. If 

there is to be no loss of available energy in this passage, 

a reversed Carnot engine whose upper limit of temperature 

w
n
 

is T and whose lower limit is a variable limit ranging 

from Tgto PY must be used to extract the heat from the 1li- 

quid, and this engine must be driven by a foreward Carnot 

engine which recelv a portion of the heat supplied to (¢
] 

9]
 

w
 

the system at the temperature T, and rejects its heat at T. y ey [] re) 

oO 
If the change from state 2 to 3 were effected in the above fe) 

manner the available energy necessary to effect this change 

he ¥* 
would be: 

WLR 1 wh rT 
MC(T, log, - T+ T) 

Ts 
M=Weight of ammonia gas circulated. oO 

’ “ir + is a o TR ea > 
c Mean specific heat of liquid ammonia 

We an 2] Ji. between T, and Tg 

The available energy actually utilized in effecting [A
e 

: 2 5 : aa ays AP 
this change from state 2 to 3 is MG{(Te - BJ, in as much 

4 m 
as all the heat is absorbed at the temperature T. If 

hy 

from the above amount there be subtracted the available 

> 
verfect process of effecting the (

4
 

energy reguired in the 5 & 

change, the result will be ava dissipated 

#% See: Goodenough: "Principles of Ther- 
modynamics", p.63. 



10. 

in the process, which gives: 

M(Tp = BY = © loggTe+T, - T (b) 
m 

: 3 Fa 
Loss (ec). In passing from state 3a Lo 4a the 

available energy dissipated is:” 

MGT, loge Ts = T,+ Ty (ec) 

Ts 
Loss (d). In the passage from state 4 to 1 there 

is a loss of available energy in as much as this change 

is effected at the expense of heat supplied at the tem=~ 

perature I. The available energy actually used in ef- 

: 

fecting this change is Mg (T, ~ T,). The available energy 
T 

» > > nl L] / £3.60 

which would be required if it were effected by a perfect 

process is: 

wv] r i ry 
Wy Z, - TZ log, T} — T) 

To 

Then the available energy dissipated in accomplishing this 

change is 

nels, - + gf-7 Ten00e By). (0) 
% T 

The foregoing equations give the values of each of 

the four losses due to irreversible processes which o cur / 

in our assumed theoretical absorption cycle. Tables I, 

II, III, and IV give the numerical values of these respec- 

tive losses for a number of conditions. These tables are 

of aid in studying this cycle. 

f the sum of the losses which occur in the cycle for 

any given set of conditions, when a definite amount of am- 

monia gas is circulated, be determined, it is possible to 

caloulate the sfficiency of the cycle for the particular 

% See: (Goodenough: "Principles of Thermo- 
dynamics", p. 63. 



11. 

set of conditions. The method of doing this %s to find 

the amount by refrigeration effect by which the perfect 

process exceeds that of the theoretical absorpticn cycle 

for any set of conditions, and then substitute this lost 

refrigeration effect in equation (5), presently to be de- 

rived. The amount of the lost refrigeration effect is e- 

qual to the product of the available energy lost 
in the 

cycle and the coefficient of performance of a perfect 
re- 

frigerator working between the limits of temperature 
T 

and T. The reason that the above is true is that the a- 

vailable energy lost in the cycle would have to 
be util- 

jzed without any dissipation if the process were 
to be 

made perfect. 
3 

The relation between the efficiency of the cycle 

and the lost refrigeration effect occurring in the cycle 

is arrived at in the following manner. The connotations 

used are: 

QF Quantity of refrigeration effect pro- 

duced by the circulation of one pound 

of ammonia gas, 

I Quantity of heat that must be supplied 

to generator to circulate one pound of 

ammonia gas. 

Q Lost refrigeration effect, or the amount 

by which refrigeration effect of the per- 

fect process exceeds that of the theoret - 

ical absorption cycle. 

Other connotations are as before used.



From (4), the efficiency of perfect process equals: b y; La : 4. 

Bho : (a) 

The refrigeration effect of the perfect process by ap- 

plieation of heat Q is: 

Ge j= es 

The refrigeration effect produced by the theoretical 

cycle then is: 

But, t
w
 

nh
 

O
O
 

3 

/ 

Substituting in the above 

Bal -T) -s (a) 
0, = iy Q 

42
] 

But, Q, er 
B 

Therefore Prlghi--ld - dB > (e) 
5 1 Ty Qs 

and clearing the above equation 

Padi: ER ILeT 53 
Q 

For the theoretical absorption cycle T, bears a re- 

lation betwe sen 7, and. Te This relation is arrived at as 

follows: 

From (2) 

12.



13. 

X is the same for each case, 

2 

therefore Tg.Toand T=: Te (g) 

Substituting this value for T In {TY 

Be 

s
l
 0 

+
3
 

Nn 
rg) 

The value of Q or very long and complex equa~ 

tion, as is seen by equation (6), below. This value 

is arrived at by multiplying the coefficient of per- 

formance a perfect refrigerator working between the 

limits of temperature Tygand Typ Py the sum of the four 

losses of available energy in the cycle. Thus, the ex- 

pression is: 

rps b/ m m Orla.) KG -To- Tp log, Is =f 
/ 

2 1 n CE; *L- T- 1, logelal 

) 
3 Logs] - TAT) + 

3 
T= Tp*- T+ T+ThlogeTe {{ (6) 2 1 Ty 

-
 

~ . 
IT the value of Q given in equation (6) were sub- <G, 

b)
 | 

stituted in equation (5) the result would be a tremen- c 

[4 

dously complicated equation. If, however, G be assumed 

Nl Pt 4 : ean 
equal to Cs and C equal to te the log quantities drop 

out and a simpler equation results. .It is true that 
/ 

: 3 He : ] 
is not equal to py and also that G, is not equal to $> 

but they are nearly enough equal that the substitution 

of a mean value for them in equation (5), which in turn 

is substituted in equation (6), will not greatly affect 



equation to the assumed theoretical cycle ran- 

ges up compared with results given by 

using equations (2) and ) Equations (% (3), how- 

ever, are only approximate and the results give by this 

yroximate equation, (8 as ac=- 

ir [4 
v Is ? - © ~ a \ a 1 oo 3 1 

Us ing mean v nes Io LG. ang GC ang L and sipD=- 

/ 2 1 i) 

stituting in (5) the following much plified equation 

Substituting in 

(7), the result is: 

employed to make calculation 

cycle, 

tures. calculations in 

volved in making this table can just e well be made by 

employing 

will vary 



equation (8). Equations (2) and (3) rather than equa- 

tion (8) were used in making calculations for Table (V). 

It is to be acknowledged that equation (8) is of 

theoretical importance only. As for its value in this 

respect, it shows that an equation for efficiency can 

be written which does not involve the heat of absorp- 

tion of ammonia. It shows also that the efficiency must 

always be less than one, and that it approaches one as 

T approaches T . It 1s further to be observed from the 

equation that T and T are the principal variables which 

influence the efficiency, as the other terms of the e- 

quation vary rather slowly. Of more importance than 

fu
rs
 

in
 

the equation itself, though, the enlightenment con- 

cerning the process which can be gained from studying 

its derivation. Tables I, II, 111, IV,and V will be 

of value in studying the process. 



Part 11. 

OPERATING CONDITIONS. 

The actions which take place in the absorption pro- 

cess under opsrating conditions differ in four respects 

from those of the previously assumed theoretical absorp- 

tion cycle. These differences are: (1) water vapor is 

driven off with the ammonia gas, (2) the exchanger is im- 

perfect, (3) the concentration of the liquor entering the 

generator must be appreciably higher than that of the 1i- 

quor leaving, and (4) all the heat may not be rejected at 

the same temperature. In explanation of (4) of the above, 

it was specified in the previously considered cycle that 

5 3 2% - 3 Es: | VY] » +* 
all heat be rejected at the lowest available temperature 

while under operating conditions, the absorber may reject 

heat at one temperature, the col ser at another, and the 

liquid ammonia may be further cooled below condenser tem- 

perature before 1t passes ® pressure reducing value. 

5 
The effect of the water vapc which is driven of 

from the generator a g with the ammonia gas is that 1t 

absorbs considerable heat in being dri off, and later, 

when cooled, it unite with some of the ammon 

returns to the generator in the form of a liquor. 

centage content of water vapor above ammonia liquors & 

#Excepting of course, the heat which is reje 

in cooling the superheated gas from generator 

perature to condenser temper 
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various conditions has nof lefinitely verified, 

but the results found by Mr. T. A. Wilson during his experi- 

tely the most dependable b
c
 

ments in the above connection are lik 

information at hand. Tables VIII and IX of the appendix are 

taken from Mr. Wilson's work¥ 

The loss due to water vapor, however, cannot be entire- 

Cc 
ly determined when the percentagescof water vapor and a 

ia above liquors of various coneentration are known, for 

this loss is dependent upon the const 
> 

The following explanation of the actions 

28 a result of the of water vapor will show how fA
) 

the the units of the 

In the generator all the liquor is not at the same tem- 

perature; the liquor at the top is cooler and richer than 

ne liquor in the bottom. It, however, is not a stable con- 

concentration to re- dition for ammonia liquors 

pain dn oontacly in tend to mix, form- 

ix, and 

place. It is desirable that the liquors mix as 

possible in order to be able to maintain a relatively low 

temperature at the top of the generator. i 

mixing at all of the 

or #3ege: Bulletin 146, University of Illi- 
nois Experiment Station. 

17. 



centration gradually decreased toward the bottom as ammonia 

was driven off, the temperature at the top of the generator 

would be that corresponding to equilibrium, under the ex- 

isting pressure, of the liquor of the concentration it has 

on coming from the analyzer. Under this condition all the 

gases leaving would theoretically be at the temperature ex- 

isting at the top of the generator, and would contain the 

amount of water vapor corresponding to equilibrium of the 

strong liquor entering the generator under the existing 

pressure. 

In practice the above ideal condition is not reached, 

but the vapors are at a lower temperature than that of the 

weakest liquor in the generator, and the water vapor too, 

no doubt, is less than the amount corresponding to equili- 

brium of the weakest liquor. The writer has been unable to 

find any information as to the conditions of temperature 

and water vapor content that exist at the top of the gener- 

ator; likely they 

of precision. It is nevertheless true thal the ilemperature 

at the top of the generator, for any set of conditions, 

will vary with the construction of the generator and the 

rate at which the operation is forced. 

Q
Q
 

As the gases leave the generator they enter the analy- 

zer and there give up some of their superheat and water va- 

por to the rich liguor trickling through the analyzer, with 

the result that ammonia gas is driven off from the rich 1i- 

gquor. Due to the above process the liquor leaving the ana- 

have not been investigated with any degree 

18. 



lyzer iscweakér than the liquor sntering. 

After leaving the analyzer the gas enters the recti- 

fisr.. There 11 is cooled lo a temperature only sl 1tly 

above condensing temperature, and on cooling gives up 

practically all its water vapor content which unites with 

some of the ammonia gas and returns to the generator in 

the form of a rich liquor. It is commonly said that the 

water vapor condenses in the rectifier and then absorbs 

some of the ammonia gas forming a liquor. In reality, the 

present absorbs the water vapor without its passing 

through the state of saturation, for there can be no satu- 

o 
rated water vapor in tthe presence of 

ib 
ammonia liquor. The 

reason for the above is that the partial water vapor pres=- & i + 

sure above ammonia liquor of a given temperature is less 

than the saturation pressure for the same temperature. It 

ok 
may also be said of the analyzer that no water vapor con- 

denses, but is absorbed by liquor without pas- 

sing through saturation. 

The preceding discussion of the actions which take 

place in connection with the water vapor indicates that 

the actual loss due ®
 

{0 ils presence, will, 

operating conditions, vary with the construction of the 

machine. <The analyzer cannot be made to function ideally, 

nor can the generator, but different degrees of effective- 

o 
ined from different types of comn=- 

The loss due to the imperfect exch: 

19. 



the amount of weak liquor circulated, the difference be- 

tween the absorber temperature and that of the weak liquor 

entering the absorber, and the specific heat of the liquor. 

The following equation applies, the specific heat of the li- 

guor being taken as one. 

L= (t - t)w (9) 

ht of weak liquor circulated. 

absorber. o
r
 

~
 (] = Temperature of liquor enterin 

t 5 Temperature of liquor leaving absorber. 

The above equation is true because it gives the heat which 

4 
the exchanger failed to transfer, but would have, had it 

ig
 

been perfect. This may be seen from the fact that the per- 

fect exchanger delivers the weak liquor to the absorber at 

absorber temperature, znd the above equation expresses the 

heat content of the entering weak liquor above absorber tem- 

perature. 

The third of the respects in which the absorption cycle 

under operating conditions differs from the cycle assumed in 

Part I, namely, that the concentration of the liquor enter- 

ing the generator is appreciably higher than that of the 1li- 

quor eaving, occasions also a loss which does not apply to 

the latter cycle. This loss is seen from the fact that more 

heat is required to drive ammonia gas from a weak liquor than 

from a stronger liquor. This loss is taken into account by 

a theoretical cycle pertaining to operating conditions which 

is presently to be defined, and since it is thus accounted 

for its amount need not be determined. 

20. 



CALCULATIONS RELATING TO PRQCESS. 

In the method which 1s here given for making calcula- 

tions relating to the absorption process, the heat which is 

supplied to the system is divided into iwo parts, the heat 

which is required 10 carry out a theorstical cycle, which 

was above anticipated and now to be defined, and the heat 

consumed by the losses not included in that cycle. The the- 

oretical cycle that is assumed ic as follows: 

(1) There is no water vapor driven off in the system. 

(2) The exchanger is perfect. 

(3) The concentration of the liquor leaving he rensr- 

ppreciably less than that entering, a finite quan- fe
ta
 

ator S Hi ®
 

tity of liquor therefore being circulated. 

(4) The ammonia gas leaving the generator is at the 

temperature of the weakest liquor in the generator. 

later shown how any deviation from (4) is taken care of.) 

Er) 
i The only respect which this cycle differs from that assumed 

in Part I is given din (3). The .calculations of the heal re- 

quired 10 carry oul this cycle, ds that in Part I, are made 

by using equations (2) and (3), and tables of properties of 

ammonia. An example showing the method of making the above 

calculation is later given in a problem which is worked. 

The heat which is otherwise consumed than for carrying 

out the above cycle has been called lost heat for the reason 

that it4 in no manner aids in producing the refrigeration ef- 

fect. The losses which occur are t wo in number, the loss due 

to water vapor, and the loss due to the imperfect exchanger. 



The latter loss is definitely known, and can be calculated 

from equation (2). The loss due to water vapor, however, 

has already been said to depend upon the construction of 

certain units of the machine, and is not so definite. Rea=- 

sonable assumptions of the actions that take place can 

nevertheless be made, and very approximate values of this 

loss may be calculated; cor the amount of loss for various 

conditions may be determined by experimental tests upon the 

machine to which the calculations relate. In the problem 

which follows the probable actions are assumed and calcula- 

tions of the loss due to watsr vapor are based on the assump- 

tion made. The problem illustrates the general method of 

making calculations of the above loss. 

The heat which is supplied to the generator to produce 

any given refrigeration effect may be divided into three 

parts, (1) the heat whichis required to carry out the theo- 

etical cycle previously defined, (2) the heat lost due to +s
 

water vapor, and (3) the heat lost due to the imperfect ex- 

changer. The total heat to be supplied in any case is found 

by determining each of these three quantities separately 

and adding them together. The efficiency of the machine is 

the refrigeration effect divided by the total heat supplied. 

Thus: 

Bs G3 (10) 
K+ (Lot lig 

where B = efficiency of machine, Qm refrigeration effect, 

Ksthesheat which is required to carry out the theoretical 

cycle, 1lgthe 408s due to water vapor, and lgehe loss due to 

22. 



the imperfect exchanger. 

In the above method of making calculations relating 

to the absorption process, the heat which is required to 

carry out the cycle is separated from that which disap=- 

pears in the losses of the system, and the losses are then 

divided according to the two sources of loss. This method 

shows where the heat which is supplied to the system goes, 

and throws better light upon what the efficiency depends. 

It is for the above reason that the writer claims advantage : 

of this method over current methods that are used for m 

od 

ine calculations relating to the absorption process. 

THE DOMESTIC ABSORPTION MACHINE AND THE 

There are certain broad differences in the requirements 

which the domestic absorption refrigerator and the common 

ice-making absorption machine must meet, which differences 

necessitat e greater refinement in designing the former ma- 

its conditions of operation. The do- 

mestic machine burns gas which costs eight to fifteen limes 

as much for a given heating value as does the coal burned 

by the ice-making machine. It also uses cooling water which 

is twenty-five to one hundred times as costly as that used 

by the former machine. Yn the other hand, the domestic re- 

frigerator utilizes all the refrigeration effect produce 

while the ice-making machine loses approximately half of 

©
 

i
 

rt
 

C
 

F
e
 

Q
 

MN
 D 

its refrigeration effect before it is transfe 



Also the domestic machine costs practically nothing for 

care and attendance, while this, and other costs ol the 

ice manufacture amount to several times fuel and cooling 

water costs. 

In addition to the above named feat neculiar to 

the two machines, the domestic machine generate steam 

at any pressure that may be needed, high pressure steam 

being just as cheap as low pressure steam; but the ice 

making absorption machine seldom uses 11gh pressure steam 

since it is more economical to first use the high pressure 

steam in a compressor type refrigerator and then use the 

exhaust steam in the absorption machine. The steam pres- 

sure, then, which is to be used in the 

lem to be solved, in the case of the domestic refrig 

which is seldom met with in dealing with other machines. 

For any domestic absorption machine he 

quired lower temperature and a given temperature of cool- 

ing water available the two important conditions of opera- 

tion which must be decided upon are the temperature at which 

the cooling water leaves the system and the steam pressure 

to be used in the These conditions should be so +
3
 

usted that the machine wi ll operate on the minimum possi- 

ble cost; for minimum cost is the ultimate thing sought. A 

method of arriving at the operating conditions corresponding 

to minimum costs is given below. 

The procedure that 1s followed is to write an expres- 

sion for the total cost which applies to any operating con- ag J Fo < 

24. 

dition and then determine the coriditions conforming with min- Ey 



25, 

imum cost when certain other 
conditions are given. The 

cost of fuel in any case is: cfd (a) 

: B 

where QS refrigevation effect 
in B.T.U.s, B=efficiency of 

the machine, and Cg cost of heat per B.T.U. as supplied to 

generator. To. get Selle actual cost of the fuel per B.E.U. 

must be multiplied by the effi
ciency with which this heat 

is transferred to the generato
r. The heat in B.T.U.s which 

must be rejected to the coolin
g water is the heat supplied 

to the generator plus the refr
igeration effect produced, 

which gives: Qg+4Qg (bP) 
B 

The heat rejected to each pound of
 water is: t, = tg (c) 

where t,= entrance temperature, and t
yexit temperature. 

(The specific heat of water in the above is taken a
s one ) 

; 

The cost of cooling water is: << 

(8 Bt 
3, ch 

where c,»cost of water per pound. 
The total cost for fuel 

(d) 

- 

and cooling water is: 

C= ofl (F (33+). 2 (11) 
D ty 

In making calculations, B for any oe a set of cond
i- 

tions is found by equation (10) and substituted in equation 

(11), giving the cost for those co
nditions. 

Let it be required to find the most economical opera=-
 

ting conditions when the temperature
 of the cooling water 

1 

available and the temperature at
 which the refrigeration 

¥ 

effect is to be produced are giv
en. The two conditions b

t
 

which 

must be determined are the temperature at which 
the cooling 

water should leave the system and 
the lower concentration 



of liquor that should be used. The method is first to 

estimate one of the two unknown conditions, and using 

this estimated value, determine, by a series of trial 

calculations, the value of the other condition which 

the minimum cost. The condition which was esti- 

will not be exactly that corresponding to minimum 

cost, and this condition is then found by trail calcula- 

tions, on the basis that the one previously found 
was cor- 

rect. The process may be continued until the conditions
 

are found which give the minimum possible cost. 
The length 

of the calculations which are necessary will ‘depend
 upon 

how nearly right was the first estimated condition. The 

example which follows illustrates the method explained a- 

bove. 

Assume that the cooler temperature which is required 

is 15 degrees F., that the cooling water availa
ble is at 

70 degrees F. and costs $.20 per thousand gallons, and that 

gas having a heat value of 500 B. T. 0.8 per cubic fool 

2 

costs $1.10 per thousand cubic feet, and that 70 percent 
(1) 

of the heat value is transferred to the generator. 

also that the absorber temperature is 10 degrees higher 

than the cooling water leaving the absorber, that the co
n- & 

denser temperature is 10 degrees higher than the cooling 

water leaving the condenser, and that the liquid 
ammonia 

jg 10 degrees higher than the cooling water available. 
The 

cooling water is assumed to enter the condenser in a cou
n- 

ter-flow direction and then flow through the absorber which 



7. 

is in series with the condenser. 

A reasonable estimate of the temperature at which the 

cooling water should leave the machine for minimum total cost 

of operation would be 105 degrees, and the best lower concen- 

tration would be in the neighborhood of 25. The .25 being 

held constant for the lower concentration a series of values, 

beginning with 105 degrees, are tried for the temperature at 

which the cooling water leaves the system in order to find 

the temperature corresponding to minimum cost. 

Cooling water leaves absorber at 105 F. 

Absorber temperature 315. 

The condenser temperature must be first estimated, and 

if after working the problem it is found to vary appreciably 

from the estimated temperature, the problem should again be 

worked with the new value for the condenser lLemperature. A 

fair estimate of the condenser tennerabire is 90 degrees. 

By ammonia tables the refrigeration effect produced when 

3 

one pound of liquid ammonia at 80 degrees F. is passed through 

a reducing valve and evaporated at 15 F. is 506.4 B. T. U.s. 

By equation (2) the upper concentration is .366. 

By equation (1) the strong liquor to be circulated per 

pound of ammonia gas circulated is 6.46, and the weak liquor 

circulated is 5.46. 
~ 

The loss due to the imperfect exchanger is 20K 5.46 & 

109.2. 

The generator temperature is by equation (2) 253 degrees 



The velue of the heat, K, which is required to carry out 

the theoretical cycle is the heat of absorption of l
iquid am- 

monia corresponding to a mean concentration of 
(.25 “3588/2 

or .308 plus the heat content of the superheated 
ammonia a 

253 degrees F. and a pressure corresponding
 to saturation at 

90 degrees F. minus the heal of liquid ammonia at absorber 

temperature, which gives 771. 

Referring to tables VIII and IX ] steam tables the loss 

due to water vapor 

The total heat which must be supplied to the 

300.2 +341 +771 1221.2. 

The Efficiency, B, is 41.6. 

By equation (11) the total cost per B. T. UO. vefrigers 

effect is $.0000100. 

By similar trials the total cost is £.00000923 per 

U. refrigeration effect when the 

degrees F. and $.0000127 when it leaves at 120 degrees 

From these trials it is found that for minimum 

gooling 

ditions 





PablesI, II, III, and IV give available energy in B.T.U.s 

dissipated in the respective processes (a), (b), (c), and (d) 

of Part 1. Tg=cooler temperature and T= lowest available temp=- 

erature. 

TABLE I TABLE II 

I,70 80 90 100 _ Ta 70 80 90 100 
5 

Hs.05 4.25 | 5.73 | 6.75 | 5| 5.14 l6.90 6.50 | 11.5 

keds 3408 | 4.25 | 5.26 15] 5.56 [5.02 o2 | 8.0 

TABLE III TABLE IV 

Fo 70. BO 90 100 Ts TO 80 90 100 

7 33 [ 
Bl 2.53% 3.17 | 4.16} 5.00 5| 5.75 | 5.72 | 5.67 {5.50 

15 1.84 2.62 | 3.28] 4.14 15 4.44 | 4.25 5.55 (9
) 

®
 [4
] 

[a
v]
 

TABLE V. 

EFFICIENCY OF ABSORPTION CYCLE DEFINED PART I 

FOR VARIOUS CONDITIONS. 

To 70 80 90 100 

5 76.1 | 72.0 | 66.9 | 63.9 

15] 81.5 | 76.5 | 71.5 | 68.0 

25] 87.1 | 81.0 | 764 | 71.7 



TABLE VI. 

30 

VALUES OF HEAT OF ABSORPTION OF ONE POUND LIQUID 

AMMONIA IN AQUEOUS AMMONIA. 1 

= Q ANE x EA % Q | 
.180 {282.256 | .175 1 272.38 | .200 | 260.00 {| .225 [2a7.13 | 

«151 | 283.79 || .176 | 271.89 | +201 | 259.50 | .226 |246.60 | 

.152 | 283.32 | «177 271.40 || .202 | 258.99 | .227 [246.08 | 

153 | 282.85 || .178 | 270.92 || +203 | 258.49 .228 [245.55 

154 | 282.38 | .179 | 270.43 | .204 | 257.97 || .229 |245.02 

155 | 281.92 \180 | 269.94 || .205 | 257.47 || .230 |244.49 

.156 | 281.45 || .181 | 269.45 || .206 | 256.96 «231 243.97 | 

.157 | 280.98 | .182 | 268.96 | .207 | 256.45 I 232 243.45 | 

.158 | 280.50 .183 | 268.47 || .208 | 255.93 | 233 [242.90 

.159 { 280.02 | 162 | 267.98 | .209 | 255.42 || .234 {242.37 

1.160 | 279.56 .185 | 267.49 || .210 | 254.91 | +235 | 241.84 

.161 | 279.09 | .186 | 266.99 [| .211 | 254.40 || .236 | 241.30 

162 | 278.61 || .187 | 266.50 | .212 | 253.88 | .237 | 220.77 

.163 | 278.13 || .188 | 266.00 | .213 | 253.37 .238 | 240.23 

.164 | 277.66 || .189 | 266.51 | .214 | 252.85 || .239 | 239.70 

165 { 277.194 .190 [265.01 | .215 | 282.34 | .240 | 239.16 

166 1 278.71 | 191 264.51 || .216 | 251.82 | .241 | 238.63 

.167 | 276.23 | .192 | 264.01 | .217 | 2561.30 || .242 | 238.08 

.168 | 275.75 || .193 | 263.52 | .218 ) 250.79 | .243 | 237.55 

.169 | 275.27 || .194 | 263.03 || .219 | 250.27 || .244 | 237.01 

170 | 274.79 {1.195 | 262.52 || .220 | 249.74 || .245 | 236.47 

-,171 | 274.31 |.196 | 262.01 || .221 | 249.22 | 246 | 235.92 

W172 | 273.83 I ,197 | zel.51 | 222 | 248.70 || .247 | 235.39 

L173 | 273.34 |.198 | 261.01 | 223 248.18 || .248 | 234.84 

174 | 272.86 | 199 | 260.50 224 | 247.65 || .249 | 234.30 

X= Mean concentration (This table is calculated 

Q=Heat of solution from equation (3)). 
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TABLE VI (continued) 

AMMONIA IN AQUEOUS AMMONIA. 

er Shr ——— Terr —————— 

. +250 25375 «275 £19.88 «300 | 205.50 |{.3256 190.68 
i 

2251 233.21 +276 219.31 «301 | 204.92 |] .326 190.02 

0253 232.12 278 218.18 «303 | 203.75 {| .328 188.81 

«204 231.56 «279 217.61 «304 | 203.15 || «329 188.20 

«2B5. 1 231.02 «280 217.04 «305 | 202.58 || «330 187.59 

2256 230.47 «281 216.48 +306 | 201.99 || .331 | 186.98 

«257 229.92 282 | 2156.90 e307! 201.39 fl .332 186.37 

«259 228.82 «284 214.76 +300 | 200.21 |] «334 

#258 229.36 «283 215.33 «+308 { 200.79 |] .333 185.76 

185.156 

«260 228.26 «285 214.19 +310] 199.61 |] .335 184.54 

«261 287.73 +286 213.61 «311 ) 199.02 |] .336 | 183.92 

«262 227.15 +287 2135.04 +312 

264 | 226.04 || .289 | 211.89 || .314| 197.23 || .339 | 182.08 

.265 | 225.49 || .290 | 211.31 || .315| 196.64 || .340 | 181.46 

267 224.37 2292 210.15 .317 1195.44 «342 | 180.22 

«268 223.81 «293 209.58 || .318|194.84 «343 | 172.61 

2269 R23.26 «294 209.00 2319 {194.25 «544 I 178.99 

+270 222.69 +295 208.42 «320 | L933 .64 «345 | 178.37 

«271 222.13 226 207.83 «321 1193.04 «346 | 177.74 

272 221.57 207 207.26 «322 1192.44 +347 1 177.15 

«273 221.01 «298 206.67 «323 1191.84 «348 | 176.50 

.274 | 220.44 || .299 | 206.09 || .324|191.23 || .349 | 175.88 

i
 

—
—
—
—
—
—
 



TABLE VII. 
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Pressures are in Pounds per Square Inch Absolute. 

Tempr MOLAL CONCENTRATION OF AMMONIA 

best IN SOLUTIONS IN PERCENTAGES. 

rg 0 5 10 5 20 ETT 
355 10.09 0.084 0.079] 0.074] 0.070{ 0.065 0.060 

20 b 0.12 0.118! 0.108) 0.101} ‘0.008 o.08d 0.083 

80h 0.18] 0.17 | 0.81 0.150 0.121 e.a3] fo. 

60! o.28d 0.22 | o.83 | 0.20) 0.30] 0.19] 0.17 

70 | 0.36 | 0.34 | 0.32 | 0.30 | 0.28 | 0.26] 0.25 

850 | 0.81( 0.48 | 0.48 | o.e2 4 0.20] 0.37] wo. 

20) 0.70] 0.66}: 0.83 | 0.88) o.58 1 0.81] 0.47 

100] 0.951 0.90 | 0.88 | 0.79 | To.74 | 0.69] 0.84 

120 1.270 1.20.1 14.42.07] 1.00] ‘0.931 0.86 

120: 1.690 1.90] 1.6% { vez li i.33 | 124) 1.18 

130.) z.22) 2.10 [i yeni i.58. 1 Ta17e 1.83] 1.51 

140} 2.89) 2.75 [govt 2am) 2.88 | B.O1] 1.98 

150 3.720 zy] s.exnfizan boson) some s.mn 

160 | 4.74] 4.48 | 4.22 5007 BE 15.46 3.22 

vo! 5.99! 5.06 | 5.30 | 8.08) a0 | 2.38) 4.07 

180) 7.81.1 7.20 | s.e9 | e360] 5.80 | B.29{ 8.30 

190.{ 9.24. 8.85 | Biss Viv.88 tl mwisel s.83] 6.32 

200 {11.53 | 10.90 | 10.27 0.85. 1 v.00 | 2.43.1 7.83 

210 {14.12 | 13.35 } 12.58 | 11.82 | 11.07 {10.321 9.59 

220 (17.19 | 16.25 | 15.32 | 14.39 | 13.48 | 12.57 | 11.67 

230 |20.78 | 19.64 | 18.51 {17.40 | 16.29 | 15.19 | 14.11 

240 {24.97 | 23.60 | 22.25 | 20.91 | 19.58 | 18.26 | 16.95 

250 |29.83 | 28.20 | 26.58 [25.00 | 23.39 | 21.82 | 20.25 



Pressures are in Pounds per Square Inch Absolute. 

TABLE (CONTINUED) 

PARTIAL PRESCURES OF WATER VAPOR ABOVE AQUA AMMONIA. 

33 

Tem ; MOLAL CONCENTRATION OF AMMONIA 
Deg) IN SOLUTIONS IN PERCENTAGES. 

MYT mm 5 T53 vee E10) 65 
32 | 0.086 1 0.001 | 0.047 | 0.042] 0.038] 0.034 | 0.030 

40 | 0.076 | 0.070 | 0.064 [0.058 | ©.052 | 0.046 | 0.040 

86 {0.11 | 0.20 0.004 | 0.085 0.076 | 0.068 | 0.059 

8 (0.18 | 3s e.15 Joaz | 0.11 |. 0.007 0.085 

70 | 0.23 | 0.21 0.19 | our il 0.18 0.14 | 0.13 

80 | 0.32 | 0.29 e.87 lo.24 1 0.28 0.10 | 0.7 

30¢ . 0.22 | 0.0 0.37 0.35 | 0.30 0.26 0.23 

100 | 0.59 | 0.85 9.80 10.45 1 0.41 |. 0.56 | @.31 

110 | 0.80 | 0.73 0.87; | 6.60 7 0.854 0.48 | 0.42 

120 | 1.08 | 0.97 0.89 |o0.80 | 0.72 0.64 | 0.56 

130 | 1.39 1.28 2.17 1.08 1 v.98 0.84 | 0.72 

20 } 1.8: 1.66 1.52 1.37} z.es 1.20 | 0.98 

180 2.52 | g.4 | 2/08 {1.78 1.89 141 1.24 

160 | 2.97 { 2.75 | g.e0 lz.35 | 2.02 1.80 | 1.58 

170 | 3.75 5.45 [3.45 {2.80 | 2.58 2.28 | 1.99 

180. {4.71 4.55 | 3.06 [3.57 3.21 2.85 | 2.50 

190 | 5.86 5.381] 4.91 | #.44 3.99 3.5¢ | 3.10 

200 | 7.23 6.64. | 68.08 {5.48 | 2.93 4.38 | 3.81 

210 | 8.86 8.15. | 7.42 fe.7 | 6.08 5.34 | in 

220 [10.78 9.90 | 9.03 {8.17 7.31 Eg 

230 113.03 [11.97 (10.91 | 9.87 ar —iis | Se 

240 |35.66 ‘14.38 [13.12 [iL.86 San iat 

250 [L8.93 17.18 15.87 | -—— oe ee re 5 | EA 



TABLE 7 (CONTINUED) 

PARTIAL PRESSURES OF WATER VAPOR ABOVE AQUA AMMONIA. 

Pressures are in Pounds per Square Inch Absolute. 

MOLAL CONCENTRATION OF AMMONIA 

IN SOLUTIONS IN PERCENTAGES. 

0.021 i 0.017 | 0.013 | 0.004 

0.029 | 0,023 0.006 

0.042 | 0.034 0.025 0.0 0.008 

0.061 | 0.029 | 0.037 c 0.012 

0.069 | 0.052 

0.006 

0.061 

0.081 

0.100 

0.140 

0.180 

0.220 

0.300 



TABLE 8, 

MOL PER CENT AQUEOUS CONCENTRATION IN AMMONIA WATER VAPORS. 

>» 

Temp . MOLAL CONCENTRATION OF AMMONIA | 
Deg. IN SOLUTIONS IN PERCENTAGES. 

: y. 70 v1 80 88 9a ET TT 

32 | 0.0585! 0.0457] 0.0545 0.0249 |0.0146 | 0.00689 | 0.00 | 

20 | 0.0706] 0.0533] 0.0395 |o.0243 0.0185 | 0.00879 | ~--- 

50 | 0.0838] 0.0630] 0.4770 [0.0332 [0.0215 | 0.00959 | —--= 

60 | 0.986 | 0.0754] 0.0566 [0.0406 [0.0251 | 0,0L1RS | =--~ 

70 | 0.1120] 0.0882] 0.0666 [0.0474 [0.0296 | 0.01350] =--~ 

80 | 0.1300] 0.1030] 0.0772 |0.0528 [0.0351 | 0.01670 ---- 

90 | 0.1570] 0.1150] 0.0884 [0.0647 [0.0408] 0.01940] —--- 

100 | 0.1790] 0.1350] 0.1040 [0.0714 [0.0473 | 0.02260 | ~--- 

110 | 0.2080| 0.1570| 0.1180 [0.0846 0.0540 | 0.02620 | ---- 

120 | 0.2330 0.1800] 0.1350 [0.0970 |0.0619 | 0.03000 | -=-- 

130 | 0.2630| 0.2050] 0.1540 [0.1117 0.0703) 0.03390 | ---= 

140 | 0.2970] 0.2320] 0.1750 |0.1240 [0.0786 | 0.03850 | ~--- 

150 | 0.3320] 0.2870] 0.1970 {0.1400 |0.0892 | 0.04390 | ---- 

160 | 0.3720] 0.2870] 0.2180 [0.1540 |0.1005| 0.04990 | —-== 

170 | 0.4140] 0.3200] 0.2420 {0.1740 |0.1120| 0.05670 | =---- 

180 | 0.4560] 0.3520] 0.2680 [0.1920 | ==== | ---- me 

190 | 0.5010 =-=-= SEE II I RE FR 

ete [ee ros Beh SITE sey a 

pref ae boo. me | mm | wm | em ——- 

B20] mmr | oe Eat TES a To Sink 

LLP Ne esas Beat Ta 

Zao | ---~ | SRR I I [a 

pag ----'f So rg AEE RE -—- 
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TABLE 8 (CONTINUED) 

MOL PER CENT AQUEOUS CONCENTRATION IN AMMONIA WATER VAPORS 

ranch MOLAL CONCENTRATION OF AMMONIA 
3 IN SOLUTIONS IN PERCENTAGES. 

| pity ge 1 40 45 50 9] ov 7 6p B85 

| 32 | 0.856 | Q.5L4 0.335 0.216 0.151 | 0.109 0.0816 | 

| 40! 0.923 | 0.581 0.372 0.248 0.172 | 0.124 | 0.0914 
{ 

50 {| 1.060 0.652 0.434 0.290 0.202 | 0.348 | 0.1095 

60 | 1.210 0.77% 0.481 0.331 0.238 | 0.172 | 0.1290 

70 | 1.390 | 0.873 0.569 0.383 0.266 | 0.205 | 0.1510 

80 | 1.550 | 0.978 0.659 | 0.444 0.3835] 0.230 | 0.1750 

90 | 1.730 1.100 0.742 | 0.505 0.366 | 0.267 | 0.2020 

100 | 1.890 1.250 0.834 0.574 0.420 | 0.307 | 0.2290 

210: 2.1310 | 1.370 | 0.932 0.644 0.466 | 0.347 | 0.2640 

120 | 2.320 1.520 1.044 | 0.714 0.529 0.395 | 0.3020 

| 130 | 2.880 1.690 1.160 0.811 0.596 | 0.444 | 0.3430 

120! z.700 { 1.860 1.286 0.906 0.663 | 0.501 | 0.3840 

i 150 3.080 2.040 1.410 1 +1.004 0.741 0.558 0.4320 

160 3.300 2.230 1.550 1.110 0.818 | 0.617 | 0.4800 

170 | 3.580 2.430 1.700 1.220 0.904 | 0.689 | 0.5300 

180 {| 3.870 2.640 1.850 1.340 0.994 | 0.756 0.5860 | 

190 | 4.180 2.860 | 2.020 1.460 1.087 | 0.830 0.6420 | 

200 | 4.470 | 3.080 | 2.190 1.580 1.187 10.907 0.7010 | 

210 | 4.780 3.310 2.360 1.720 | 1.272 (oean | mena 

220 | 5.100 3.560 2.5400 1. 2.800 1 3.300 | wanan liens | 

230 | 5.440 3.810 2.750 | 24000 | mms | m;mem | meee 

240 | 5.780 | 4.060 2.920 ZB AB0 | mmm iim mmr 

250 | 6.120 | 4.340 | 5.120 | nit ae a Pe 
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TABLE 9. 

CONVERSION FACTORS. 

Wt. Con- Conversion | Wt. Con- Conversion 

centration Factor (K) |centretion.[ Factor (K) 

100 1.0000 45 0.9692 

| | 

a5 0.09972 40 0.9664 

90 0.9944 25 0.9636 

85 0.9916 &( 

80 0.9888 2B 

5 0.9860 20 

70 @.9832 3b ; 0.9524 

65 0.9804 10 
| 

60 @.2776 9] Q « D4 

55 0.9748 0 0.9440 

50 | 0.9720 muy] Cmmsigam 
} 

| 
1 ———————— 



APPROVAL. 

The foregoing thesis is hereby approved as a creditable 

study of an engineering subject, carried out and presented 

in a manner sufficiently satisfactory to warrant its accep- 


