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RESEARCE MEMORANDUM

THERMODYNAMIC STUDY OF ATR-CYCLE AND MERCURY-VAPOR-CYCLE SYSTEMS
FOR REFRIGERATING COOLING AIR FOR TURBINES OR OTHER COMPONENTS

By Alfred J. Nachtigall, John C. Freche, and Jack B. Esgar

SUMMARY

A thermodynamic study was maede of air-cycle and mercury-vapor-cycle
refrigeration devices to evaluate these methods of refrigerating air bled
from gas-turblne engine compressors. The study was of a general nature,
and the results are presented 1n dimensionless groupings of terms so that
the use of the systems can be evaluated for a wide mmber of applications.

It appears that for system compressor and turbine efficilencies of
about 0.70 the air cycle may hold promise &s a refrigeration device if
values of hest-exchanger effectiveness on the order of 0.8 or higher can
be used. For lower efficlencies or lower values of heat-exchanger ef-
fectiveness and for the case where it is possible to have a heat sink
at a temperature lower than that of compressor bleed air, a simple heat
exchanger 1s generally capable of refrigerating the bleed air as much
or more than the alr cycle.

A system employing a mercury-vapor cycle appears Ceaslble for re-
frigerating alr that must enter the system at temperature levels of
approximately 1500° R, and this cycle is more efficient than the air
cyele. Although the weight of such a devlice must be considered to deter-
mine lts effect on specific engine weight, a weight analysis was not in-
cluded in this thermodynamic study.

INTRODUCTION

This report presents a thermodynamic study of systems for refriger-
ating air for cooling purposes. High-gltltude supersonic flight with
turbojet-powered aircraft can introduce coollng requirements in the var-
ious englne components and accessorles as well as In the pilot'’s compart-
ment. When air 1s the coolant, 1t is ususlly desirable to use the lowest-
temperature air availasble so as to minimize the quantity needed to main-
taln an endursble temperature. The pressure level of this alr must be
high enough to overcome duct losses and the pressure in the coolant
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dlscharge region. Although ram air is the lowest-temperature air avall-
able on an aircraft, this pressure requirement may preclude its use as
the primary coolant. The alternative is to bleed interstage air from the
engine compressor at the required pressure level. If the bleed-alr tem-
perature associated with this pressure is tooc high, it becomes necespary
to employ a device for refrigerating the bleed alr. The lower air tem-
perature thus obtalned permits a reduction in the quantity of air needed
for cooling and may at the same time reduce the required pressure.

Numerous studies have been made of varlous vapor-cycle and air-cycle
refrigeration methods (refs. 1 to 3). The emphasis in most of these
studles has been on supplying a relatively smgall amount of alr at low
temperatures for cabin refrigeratlon or similer application. The vapor
cycles have considered refrigerants in the Freon class, where the maximum
operation temperature must be conslderably less than 1000° R becsuse of
the refrigerant properties. A vapor cycle using a refrigerant capable of
operation at temperatures in excess of 1500° R would be of interest for a
turbine cooling-air refrigerstion method. The alr-cycle systems have not
been generalized to the point where they can be readily compared with
vapoer cycles or aftercoolers for wide ranges of temperatures, heat-
exchanger effectiveness, and heat-exchanger pressure-loss ratlos.

Analytical investigations have also been conducted at the NACA Lewis
laboratory to evaeluate the general cooling characteristics of various
liquid- and alr-cooling systems for turbines (refs. 4 and 5, respectively).
These studles considered turbine cooling systems applied to an interceptor
mission at Mach numbers up to 2.5, an altitude of 50,000 feet, and a
turbine-inlet temperature of 2040° F (2500° R). The systems investigated
utilized heat rejection to primary burner fuel, to afterburner fuel, and
to primary burner-inlet alr. In all cases the turbine cooling air was
bled from the compressor discharge prior to refrigeration by any of sev-
eral devices. Although the studles were incomplete in that the refrigera-
tion cycles were mot generalized to cover conditions other than the design
polnte considered, and some effects such as heat-exchanger effectliveness
and pressure losses were neglected, the study 4id indicate that compressor
bleed air can be refrigerated sufficlently so that it will be useful for
cooling various engine components and accessories for flight Mach numbers
up to at least 2.5.

Studles such as those 1n references 6 and 7 have lnvestigated the
design of heat exchangers for use in compressor bleed-alr refrigeration.
A number of liquld-cooling systems for turblnes in which the heat 1s re-
Jjected to the engine air at various locations with respect to the engine
compressor are described in reference 8, and the effects of thig heat re-
Jection on turbojet- and turboprop-engine performance are also discussed.

A generalized study of variocus types of air refrigeration devices in
which the air temperature reduction, the power, and the heat-exchanger
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requirements are all presented on & comparable basis would be useful to
evaluate the system best sulted for a given application. The purpose of
this investigation is to present thie generalized study for the cases
where (1) heat from the air is rejected to a cooler fluid in a heat ex-
changer, (2) the air is cooled by air-cycle refrigeration (several vari-
ations of the cycle are included), and (3) the air is cooled by mercury-
vapor-cycle refrigeration. All the systems are compared on the basis of
no pressure change across the entire system, bubt pressure losses within
the system such as result from component inefficlencies and heat-
exchanger pressure losses are considered. Although these systems were
primarily considered for refrigeration of turbine cooling zir, the results
are so presented that they will be useful for practically any application
of an air refrigeration device in which there 1s no pressure change re-
quired across the entire system. An indication is also given of the
approximate effect of the power requirements for these refrigeration sys-
tems on turbojet-engine performance for £flight Mach numbers of 2.5 and 3
and for a turbine-inlet temperature of 2500° R.

METHOD OF ANALYSIS
Baslis of Analysls and Assumptions

In order to present the results of several alr refrigeration systems
so that they can be generalized to cover wide ranges of temperstures and
pressure losses, it is desireble to obtain expressions for these results
in dimensionless form. In addition, 1t 1s desirable to present the
results of all systems in the same form so that each system can be com-
pared directly. This method of presentation was the goal of the present
study. For a basis of comparison, the gystem ocutlet pressure was speci-
fied equal to the inlet pressure. Pressgure losses within the system were
made up by compression at the system inlet, and the work requlred was
charged against the system. Pressure losses in the heat-sink fluld were
neglected, however.

Evaluation of systems where constant pressure across the system is
not specified can often be misleading. Such systems can show substantial
temperature reductions across the system; however, part of this temperature
reduction is obteined by utilizing the pressure retio across the system.
This pressure ratlio is the result of excess pressure gt the system inlet.
Unless the system outlet temperature is less than the temperature associ-
ated with a bleed source where the pressure is equel to the system outlet
pressure, no real refrigeration is accomplished.

Two main types of refrigeration systems were analyzed: (1) air-cycle
refrigeration using a compressor, heat exchanger, and expansion turbine;
and (2) mercury-vapor-cycle refrigeration. Several other systems can be
evaluated as special cases of these main systems.
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The heat slnk is not specified 1n this general anslysis. The re-
ceiver fluid in the sink can be either gaes or liquid and can be at tem-
peratures elither higher or lower than the system inlet-alr temperature.
For an aircraft engine, possible heat sinks may be ram air, englne
compressor-discharge air, fuel, or an expendable vaporizing fluid.

In meking an analysis general, the gquestion arises whether the
anelysis should be made with constant or varlable specific heat and, if
constant, what value should be used. A preliminary error analysis was
therefore conducted on the alr and vapor cycles to determine specific-
heat effects. By assuming a mean value of the ratio of speclfic heats
of 1.38, corresponding to a specific heat at constant pressure of 0.249
Btu/(1b) (°R), the maximum error in work amounted to about 2% percent and
the maximum error 1in ocutlet temperature to about 1 percent for a range of
inlet temperatures T; from 550° to 1500° R and compressor pressure
ratios up to 10 for the alr cycle. TFor the mercury-vapor cycle, errors
up to 3 percent can occur in the outlet temperature for low inlet tem-~
peratures; this error will not exceed 10° R, however. Ko improvement in
accuracy over & range of Iinlet temperstures was found when varisble spe-
cific heat calculations were made for a mean value of inlet temperature.
The errors introduced in this analysis are a function of temperature
level more than of temperature change through the cycle. Based on this
error analysis, a mean value of 1.38 was used for the ratioc of specific
heats for all the cycles investigated.

Alr-Cycle Refrigeration

Genersl snalysis. - A generalized system for the air cycle is shown
in figure 1. The suxiliary-compressor and -turbine units may be free-
running or mechanically coupled to the engine shaft. The sketch and
numbering system for the stations are arranged so that a single analysis
of the gystem can be used for a number of cycle variations. For refrig-
eration systems used in alreraft engines, the maln engine compressor will
undoubtedly be used for part of the air-cycle compression process. For
illustrative purposes, therefore, the maln compressor ls shown divided
into two parts in figure l. Station 1 can be considered as the location
on the compressor where the air pressure is the same as the required
pressure at station 5.

Any work done on the bleed air in the compressor beyond station 1
should therefore be charged ageinst the alr-cycle refrigeration system.
The compression occurring between stations 2 and 3 is beyond the capabili-
ties of the main engine compressor. For the. general analysis the com-
pression occurring between stations 1 and 3 can be consldered to take
place in a gingle compressor, and the total system power QEt will be the

sum of & _o plus P2 5.

¥T0S
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7 The symbols used in the derivation of all equations are given in
pgppendix A. The derivations of all equations for the air cycle are given
in appendix B. A generalized expression involving only dimensionless
groupings of terms can be written to relate the power required for an air
cycle to obtaln a given cycle temperature ratio for any given compressor
pressure ratio:

( -t

T ic,a\x, T])

3y S _ ? a-p,a

To,eT¥ T - o (1)

where Ng.g 18 the adlabatic efflciency of the entire cycle compression

process from stations 1 to 3. The term 1% 1is & fictitious turbine
efficlency that can be related to the adisbatic turbine efficiency g

by the relation

-1
B\ T
TIT:L-‘—P) .
* = )
. i r-X r-1
P, P
5 4
, R I

The term ¢ 1s related to the heat-exchanger pressure ratio by

¥ = -1 (3)

Equations (1), (2), and (3) are presented in graphical form in figures
2, 3, and 4, respectlvely.

Although equation (1) is mathematically correct, & specified amount
- of heat must be rejected to a heat sink before the temperature ratio
I’5/T1 can be obtained. The heat that is rejected can be expressed in
terms of the heat-exchanger effectiveness ¢&,, the temperature ratio
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TR/Tl, and the system compressor pressure ratio P Py. The temperature
ratio that can be obtained for gilven values of Pz/Py, 8y, and TR/T; 1is

(4)

=
T
P T
1 3) R
(P—' -1 +1(1_&h)+eh__
- . P

Ty
Py T
v (’?ﬁ) Y ]

The term &, used in equation (4) is defined as

n =T, T, (8)

The basic definition of heat-exchanger effectliveness conslders the right
w

side of equation (5) to be multiplied by the ratio -(—cﬁli-, where
Yeh)min

(ch)min is the smeller product of weight flow and specific heat of the
two fluids engaged in heat exchange. Thus, to convert a basic heat-
exchanger effectiveness ¢ +to the effectiveness term employed in this
analysls, the following equation may be used:

T - T (we )m:!
Bh = T3 T4: = J—-—L—-) (6)
3T 'R (wcP a

By a combination of equations (1) and (4) the characteristics of an
air-cycle refrigeration system can be determined. For specific values of
component efficlencies and heat-exchanger pressure losses and effective-
nesses, the combination of the two equations can be used to make plots
showing the temperature ratio '1'_5/T]_ obtained and the power parameter

Q(,'/wacp oT1 Tequired for a system with any compressor pressure ratio
)
PS/Pl and ratio of receiver fluid temperature to lnlet-air temperature

Tr/T - L T

Free-running compressor and turbine system. - For a refrigeration
application where there is & source of high-pressure alr, such as in a
gas-turbine engine, 1t is not always necessary to have a source of power
external to the refrigeration cyecle to drive the auxiliary compressor
shown between stations 2 and 3 (fig. 1). The power from the auxiliary
(expansion) turbine is sufficient for driving an auxiliary compressor

»TnQ
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with some pressure ratio. Herelnafter this type of system wlll be re-
ferred to as & free-running system. The general equations (1) to (4)
are gtlll valid for this air cycle, but an additional relatlion is re-
quired to specify the suxliliary-compressor pressure ratio P3/Pz that

results when the power from the auxiliary turbine is exactly equal to
that required to drive the auxiliary compressor:

a =1 "\x

T -1
- /P g

% S 3
(7)

"UI g
W
I
e
| =
+
. Y

N
.
+
2|
[¢]
LN

\
Aftercooler system. - For the case with the simple aftercooler, the
auxiliary turblne is eliminated and the only purpose of the compressor
is to overcome the pressure loss in the heat exchasnger so that there will
be no pressure change across the entire system. Such a system can be
evaluated by letting

P
3 1 (8)

Py T P4/P3

The power required for the cycle can then be calculated from equation (1)
wlth the left side of the eguation equal to zero. The power is independ-
ent of the temperature ratio TB/Tl in this case. The temperature ratio

Tg/T; can be calculated from equation (4), which for this special case
becomes

‘T—l
Ty
T1 ncg(}) -1+ 1 (l-sh)+eh-T1- (4a)

Varisbles investigated. - The followlng range of variables for -the
air-cycle system was lnvestigated:

System compressor pressure ratio, P3/Pl * « + o s s s s e « o« o 1 to 10
System compressor adiabatic efficiency, nc a *t e s 0.50 to 0.80
Auxilisry-turbine adiabatic efficiency, nT e« o« o s ¢ o« « =« 0.50 to 0.80
Heat-exchanger effectiveness, &y e o o« s a s o s o o e« 080 to 1.0
Heat-exchanger pressure ratio, Pé/Ps e« s« s s e s e« 0.90 to 1.0
Ratio of recelver to system inlet-ailr temperature, TR/T . 0.6 to 1.2
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The presentation of results becomes impractical if too many variables
are consldered together. Conseguently, most of the results are presented
for compressor and turbine efficiencies of 0.70, heat-exchanger effective- -
ness velues of 0.6 to 0.8, and an heat-exchanger pressure ratio of 0.95.

These are probably practical values for the size of components that would
be involved 1in refrigeration systems. Varlastions in these variables were
investigated for compressor pressure ratios of 1/0 95, 2.5, 5, and 10
for Tgr/Ty of 0.6 and 1.0.

Mercury-Vapor-Cycle Refrigeration

The mercury-vapor cycle 1s shown schematically in figure 5. The
system operates on the same princliple as the household mechanical refrig-
erator. However, the cholce of refrigerants for operation at high tem-
peratures is very limited. The data on the thermodynamic properties of
mercury (enthalpy, entropy, and density) for the desired temperature
range are suita.ble and readlly avalilsble for refrigerant temperatures up
to at least 1800° R; consequently, mercury was consldered as being a
likely refrigerant ( ref. 9). In this system the air to be refrigerated
i1s passed through an evaporator, where it is cooled by rejecting heat to
the refrigerant. Heat absorbed by the refrigerant is transported to the
condenser, where this quantity of heat plus the work of compression is
rejected. The heat-receiving fluld could be one of the same fluids indi-
cated for the alr cycle. The thermodynamie cycle of tkhe refrigerant
shown by the enthalpy-entropy diagram in figure 6 1is discussed in
appendix C.

In order to compare the mercury-vapor cycle on the same basis as
the air cycle, that 1s, system outlet pressure equal to system inlet
pressure, for the refrigerated air, it 1s necessary to compress the air
enough to overcome pressure losses In the evaporator. This compression
process affects both the air temperature-reduction ratio and the power re-
quirements of the system. The temperature change end power requlrements of
the compression process must be combined with those of the mercury-vapor
cycle to fully evaluate the system. The power parsmeter and air
temperature-reduction ratio in the mercury-vapor cycle can be related by
the followlng equation derived in appendix C:

Eﬁ =1 - P f nc:r(ﬁv:y - H.":z) -1
Tz VaCp,als) [{Sv,y - By xl By x - Hy o) + (B )
i S % ~ By.2 v,y = Bv,x

(9)

In the mercury-vapor cycle the refrigerant temperatures are assumed to
be constant through the condenser and alsc through the evaporator. That
is, evaporation and condensation take place at the saturation temperatures

108
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T and T, and their assoclated pressures specified in the analysis.

Temperatures and pressures in the superheated reglon were not consgidered.
The enthalpy and entropy used in equation (9) were obtalned from tebles
In reference 10.

The total power parameter and the system temperature-reduction ratio

for the entire system are alsc derived in appendix C. The total power
parameter for the system is

Y-l

% % + 1) 1+ ¥ 1 1 (10)
Va.Cp,all ~ \Va®p,als TlC a (QP

and the system air tempersture-reduction ratio is

r-1
Iz T, ¥

T T\t TICa(T) -t ()

where the system compressor pressure ratic is the reciprocal of the heat-
exchanger (evaporator) pressure ratio as expressed in equation (8).

The alr temperature ratio across the evaporator T4/T5 is also

related to the heat-exchanger effectlveness of the condenser and evapora-
tor and to the recelver temperature by the following expression:

T

c 1

_P.r _.._.+]___

e Twe Ke T, Te) m
Ts Wi)Rch 1
= 4+ 1 - =
cha.eeTe m

Values of 1/m as a function of Tc/flfe are tabulated in appendix C.

(12)

The basic definition of heat-exchanger effectiveness is related to
the condenser effectiveness used hereln by the equation

(wepla
(wep)g [(T3 G 5 (wep)min
Gc = = gc (13)
e - TR IwcpiR
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and to the evaporator effectiveness used hereln by the equation

Tz - Ty (wep) mi
fe = T, - Tg be (wcp)an _ (1)

The mercury-vapor compression cycle was linvestigated for the follow-
ing range of variables and assigned constants: ’

Evaporator refrigerant temperature, Te; R - - . » « » « « 910 to 1210

Condenser refrigerant temperature, Ta, °R .« ..+ . . . . 1480 to 1760
Refrigerant compressor efficiency, nC p * * et s e s s e e e .05
Alr compressor efficlency, c,a * - - .« e . e« e s e o s s o o 0.7

Heat-exchanger (evaporator) pressure retlo, P4/P3 e« « ¢« ¢« » 0.9 tc 1.0

A plot of the power parameter gﬂﬁﬁqacp,aTs against To/Te for
values of T3/T4 irndicated that, 1n addition to its effect on the ratilo
Tc/Te, T bhad a secondary effect on the power parameter. For values of
T./Te below 1.5, this effect was considered small enough that a mean

curve for the range of T, investigated could be used. From such a mean
curve, unlform steps in Tc/Te from 1.1 to 1.5 were selected for further
investigation.

In order to evaluate fully the mercury-vepor cycle, equations (9) to
(12) must be evaluated simultaneously. Fortunately, these equations can
be shown on a single plot for assigned values of the condenser effective-

(wep)r
¢ (ch)a.

ness parameter & and eveporator effectlveness Ge.

Effect of Power Extractlion on Turbojet-Engine Performance

Air refrigeration systems can cause & number of effects on engine
performance. The use of compressor bleed alr for turbine cooling results
in variations in engine performance, as discussed in reference 11. Addi-
tional changes that air refrigeration can cause in engine thrust and
specific fuel consumption can result from (1) power extraction to drive
the refrigeration system; (2) heat-exchanger drag on the heat-sink side:
if heat is rejected to the engine alr, the exhaust-nozzle pressure ratio
is affected; if heat is rejected to bypass ram air, the effects of teking
this air aboard plus the ducting pressure losses and the effect of air dis-
charge must be accounted for; (3} heat addition to the heat sink: the
engine fuel consumption will be affected if heat 1s added to the engine air
or fuel. An evaluation of the effects listed under (2) and (3) requires
that the over-all refrigerant-system design be known. Once this is estab-
lished, the heat receiver and lts location are specified, and the heat

¥Tos
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exchanger can be designed to accommodate the pressure losses which may
be encountered. Since these conditions sre difficult to generalize, only
the effect of power extraction will be studied. This effect was analyzed
by the method of reference 12.

The variables and assigned constamts in the study of the effect of
power extraction on turbojet-engine performance are shown in the follow-
ing table. The component efficiencies and the pressure losses within the
engine were essentially the same as for the engine analyses presented in
references 8 and 11l.

FlightMa.chnnmber,M................... 2.5 and 3.0
Turbine-inlet temperature, OR & i 6 e e s vt s e e « « o« « 2500
Engine compressor pressure ratio at :I;"light conditions . . . . 2, 4, or 8
Afterburner temperature, °r . .. e s s s s s e s s s s+ » » 3500
Power extraction term &£/wg, Btu/(]_b) Gt e e e e e e s e e . Oto 40
Flight altitude « « « ¢ o ¢« s ¢ « o ¢ o« s o ¢ o = « « « « Stratosphere
Engine compressor adlabatic efficlency . « « . . e« « = « « o =« - 0.88

Engine turbine polytropic efficliency .« « « ¢ ¢ ¢« ¢ =« =« ¢ o o = o« « 0.85
Primary-combustor efficlency . ¢ ¢ ¢ ¢ ¢« o« o ¢ o o o ¢« ¢ ¢« « « » « 0.98
APterburner efficiency ¢« ¢ o« ¢ o o o« ¢ ¢ o s o o o « o o o a o« «.0.90
Exhsust-nozzle efPficlency « « « ¢ o« =« o ¢ ¢ ¢ o « o« o ¢ s » s« « «» « 0,80
Primary-combustor pressure ratio . « ¢ ¢ ¢ ¢ ¢« ¢ o o ¢ s e s o o « 0.95
Tailpipe and afterburner pressure ratio e e« s s o o o o s o s o « 090
Tallpipe pressure ratio without a.fterburner e o e e s = s s s « o o 0.99
Ram recovery &t M =25 .o ¢ ¢ ¢ ¢ ¢ a o ¢ a o o o o s s o s =« o « 0.75
RBam recovery at M = 3.0 . ¢ ¢ ¢ ¢ ¢ ¢ o « ¢« 2 ¢ o = = s e« « = « « 0.65

RESULTS AND DISCUSSION
Air-Cycle Refrigeration

Generalized presentatlion. - Generalized results of the power require-
ments for the alir-cycle refrigeration system are presented in filgure 2.
As indicated by equation (1), the temperature-reduction parameter decreases
Iinearly with increasing cycle power perameter for each refrigeration-
cycle compressor pressure ratlo. For a given value of temperature-
reduction parameter, the power parameter lnereases with increasing cycle
compressor pressure ratio. In order $o meke use of figure 2, it is nec-
essary to know n¥ and ¥ in terms of the more commonly used parameters
(adiebatic turbine efficiency nq and heat-exchanger pressure drop
P3/P4__) Figure 3 presents the va.ria.tion of n%* with turbine pressure
ratio for four values of np (0.5, 0.6, 0.7, and 0.8). The value of 3%
decreases with lncreasing turbine pressure ratlo. For a pressure-ratio
increase from'l to 10, the decrease is 15 percent for 7qp = 0.80 and a&bout
31 percent for wngp = 0.50. The variation of the heat-exchanger pressure-
drop parameter V¥ with compregsor pressure ratio is given in figure 4
for three values of heat-exchanger pressure ratlo.
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It must be emphasized that figure 2 can only be used to determine
the power required to obtaln a given temperature-reduction retio T T, -
The figure cammot be used alone to determine what temperature-reduction
ratio 1s posgible. The possible temperature reduction is a function of
the heat removed from the cycle and can be expressed in terms of a heat-
exchanger effectiveness €p and the ratio of receiver to cycle inlet
temperature Tg/T;. Further discussion on this heat removal will follow

in the subsequent sectlon.

Effect of heat sink on temperature reduction and power. - For an
aircraft engine, the temperature level at the inlet to the refrigeration
cycle 1s a function of the flight Mach number as it affects the engine
inlet-air temperature through ram and the pressure ratioc of the englne
compressor up to the inlet of the refrigeration cycle. At flight Mach
nunbers of about 2.5 or higher, &ir bled from the engine compressor can
easlly become too hot to use advantageously as & coolant for englne com-~
ponents or accessorles. For cabin pressurization or cooling, the bleed
air is probably too hot at all flight speeds. For these conditions a
device for refrigerating the bleed air will probably be requlred.

Figure 7 presents performance plots for air-cycle refrigeration (see
fig. 1) for compressor and turbine adimbatic efficiencies of 0.70. This
is probably & reasonable value of effliciency for small compressor and
turbine components because higher efficlencies are ususlly found only on
larger components such as the maln compressor and turbine in turbojet
engines. The relation between the system alr temperature-reduction ratio
Ts/Tl, the air-cycle system compressor pressure ratlo PS/Pl’ and the
power parameter g%/wacp,aTl can be obtained from equation (1) or figure

2. It is ilmportant to note and remember that, when any combination of
the temperature and power parameters is chosen, the heat that must be
rejected from the alr cycle to & heat sink is & fixed value. This value
of heat rejection can be expressed In terms of the heat-exchanger effec-
tiveness €&, and the ratic of recelver to air-cycle inlet temperature

TR/Tl‘ The effect of these factors can also be plotted as shown in fig-

ure 7. Figure 7(a) is for a heat-exchanger effectiveness of 0.6, and fig-
ure 7(b) is for an effectiveness of 0.8. A range of temperature ratios
Tg/T; from 0.6 to 1.2 is covered. The air cycle is acting as a heat

pump only when 'I‘R/Tl is greater than 1.0. The alr cycle is not acting
as a refrigeration device when T5/Tl is greater than 1.0. Higher values
of Tg/T; are shown by lighter lines to show trends, but these values are
of no practical significance.

Before the significance of figure 7 is discussed, 1t must also be

pointed out that the vertical lines near the ordinate for Pz/P; = 1/(P,/Pxz)

represent the case where there is no air cycle. This is the aftercooler
case, and the compressor pressure ratio is only high enocugh to overcome
the pressure loss in the heat exchanger. i '

¥TOS
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For component efficiencies of 0.70 and a heat-exchanger effective-
ness of 0.6 (Pig. 7(a)), the air cycle 1s of absolutely no value. For a
given ratio of Tp/T;, system outlet temperatures Ty +that are equal to
or lower than those obtainsble with air-cycle systems can be obtained by
use of only an aftercooler. A somewhat greater temperature reduction can
be obtained with an ailr cycle than with an aftercooler if the heat-
exchanger effectiveness 1s increased to 0.8 (fig. 7(b)). The advantage
of the air cycle over the aftercooler becomes less, however, as TR/Tl
decreases. With a heat-exchanger effectiveness of 0.8, the cyecle can
also be used as & heat pump (TR/T1_> 1.0); this was not possible for an

effectiveness of 0.6.

Also shown in figure 7 1s the effect of heat-exchanger pressure ratio
P4/Pz on air-cycle power requirements. The effect is shown for only
three compressor pressure ratios, and it consists of displacing the
auxiliesry-compressor pressure-ratio llnes slightly.

The effect of component effliciencies for the alr-cycle compressor
and turbine is shown in figure 8 for efficiencies of 0.50, 0.60, and 0.80
(qc g = Mg = 0.70 is shown in fig. 7) for velues of heat-exchanger effec-
2

tiveness of 0.6 and 0.8. In figure 8 and all subsequent figures on the
air cycle, the heat-exchanger pressure ratilo Pé/P5 was assumed to be
0.95. As would be expected from figure 7, efflclencies lower than 0.70
would mske the alr cycle unacceptable for a heat-exchanger effectiveness
of 0.6 (figs. 8(d) and (e)). It will be moted from figure 8(a) that the
alr cycle is also impractlical when used with a heat-exchanger effective-
ness of 0.8 for component efficiencies of 0.50 and probably impractical
for efficiencies of 0.680 (fig. 8(b)). About the only condition shown in
figure 8 where the air cycle appears to be promising ig for the case vhere
the component efficiencles are 0.80 and the heat-exchanger effectlveness
is 0.8 (fig. 8(c)).

Figure 9 shows air-cycle performence for component efficlencies of
0.70 and temperature ratios TR/Tl of 0.6 and 1.0 for a range of values
of hest-exchanger effectiveness. For either temperature ratio TR/Tl
the values of heat-exchanger effectiveness of 0.6 or less are impractical
because & simple aftercooler system is equally or more effective. At an
effectiveness of 0.8, the alr cycle is only a slight improvement over the
aftercooler for TR/Tl = 0.6. A higher effectiveness, of course, results
in improved alir-cycle performance.

Compressor pressure ratlos for free-running system. - In using an
alr cycle where part of the compression can be accomplished in a large
compressor such &as the main compressor of & gas-turbine englne, it may
be desirable to utilize the auxiliary (expansion) turbine power instead

R
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of a source of power external to the cycle to drive an auxiliary compres-
sor. For this case &£ _g = 0. Since heat is removed from the air in the
heat exchanger prior to passing through the auxiliary turbine (see fig. -
1), the power that the turbine can produce is quite limited and the pres-

sure ratio of the auxiliary compressor that the turbine drives will be
conglderably less than the turbine pressure ratio. The turbine pressure

ratio will be the product of P3/P1 and Pé/PS, gsince 1t 1s gpecified

that there is no pressure change across the alr cycle and therefore

P5 = Pl.

“TAQ

The auxllisry-compressor pressure ratios Ps/Pz for the case where
the auxiliary-turbine power is exactly equal to the auxiliary-compressor
power 1s shown as a parameter in figure 10 for a range of component effi-
ciencles from 0.50 to 0.80. For component efficiencies of 0.60 and lower,
the auxiliary-compressor pressure ratio cannot be higher than about l.4.
For component efficiencles of 0.80, the auxillary-compressor pressure ratio
cannot be higher than about 2.2 even for auxlliary-turbine preassure ratios
approaching 10. These results indicate that for free-running systems the
maln purpose of the auxiliary compressor would be as & convenlent power-
absorption device for the auxiliary turbine. The allowable pressure ratio
of the auxiliary compressor could not contribute to an sppreciable reduc-
tion in the alr-cycle outlet temperasture.

It should be pointed out that the results presented in figure 10 In
no way affect the results presented in flgures 7 toc 9. Overlays of fig- -
ures having the same component efficiemcles are possible sQ that the .
comblned effect of heat-excbanger effectiveness, temperature ratilo TR/TI’
and free-running compressor pressure ratio can be observed. In other ~
words, figures 7 to 9 are applicable to both free-running and mechanically

coupled systens. . .

Mercury-Vapor Compression Cycle

A vapor compresslon refrigeration .cyecle 1s of interest because it
more nearly approaches the reversed Carnot cycle than the air cycle does.
It can therefore be expected to be more efficlent and require less power
to operate. For the intended application for this type of cycle (refrig-
er-ting engine compressor bleed alr whose_ temperature level may be between
1000° to 1500° R) there are few satisfactory refrigerant fluids. As pre-
viously mentioned, mercury vapor was chosen for this particular study
because ites thermodynamic properties make it a sultable refrigerant for
this appli -ation and the data pertalning to the physical properties of
mercury are readily available. .

Results of this study are presented in figure 11, which is essen-
tially a c.oubination of three separate plots. The obtalnable system air x
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temperature-reduction ratio is plotted against the power parameter as
previously done for the alr cycle. The narrow plots of inclined lines
attached to the ordinate and absclssa account for the effects of the com~
pressor pressure ratlo needed to overcome evaporator pressure drop on
cycle temperature ratio (eq. (11)) and cycle power (eq. (10)). The com-
pressor adlabatic efficiency used was 0.7. The principal part of the
figure is that bounded by the line for an evaporator pressure ratio of

1.0 on the ordingte and ahscissa. The ordinate ig the air temperature~
reduction ratio T4/T3 across the evaporator; the abselsss 1s the refrig-

erant compressor power parameter ?r/wa.cp, a3z for & compression effi-
ciency of 0.50. The solld lines of constant Tc/Te represent the param-
eter within the brackets of equation (9), which is a function of liquid
and vepor saturation enthalpies and entroples for the evaporator and con-
denser temperstures. The parameter within the bracket is primarily a
function of the ratio T,/T,. The secondary effect of temperature

level T, on the parameter was ignored for this presentation since it
was considered negligible for values of T./T, less than or equal to 1.5.

The plot can be read by followlng the arrows shown In the figure.-
For example, starting with a deslred system alr temperature-reduction
ratio, read acrossg horizontally to the desired value of evasporator pres-
sure ratio P4/P3. Then follow between the adjJacent inclined lines,
interpolating between them, until the principal ordinate T,/Tz is
reached. The mein plot is then entered horizontelly until the desired
value of Tg/Tz or T./T. is reached. From this point proceed verti-
cally downward to the absclssa. The plot of inclined lines along the
sbscissa is reed in a similar memner (only reversed) as that along the
ordinate.

The performance plot for the mercury-vepor system is simllar to
those for the ailr system in that it must be remembered that any combina-
tion of T5/Tl and gt/“acp,aTl results in e fixed amount of heat that
must be rejected from the refrigeration cycle. As a result, the tempera-
ture reduction thet is possible 1s a function of the receilver temperature
and the heat-transfer characteristics of the condenser and evaporator.

By means of equation (12) these effects can be fully evaluated.

In order to show the lowest system air temperature-reduction ratio
T5/T; that is possible for a given value of Tr/Tz, dashed lines are

included on figure 11 with Tg/Tz as the parameter. For €, = 1.0 and

W

€, %—f&))—R = » (fig. 11(a)), a very substantial system air temperature-
Wepla :

reduction ratio (T5/T; less than about 0.7) with the mercury-vapor cycle

wlll probebly require & receiver temperature that is colder than the sys-
tem inlet-air temperature. For Tg/T; greater than 0.7, it is possible
to use the cycle as & heat pump.
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The figure also shows that the use of a condenser-to-eveporator tem-
perature ratic T./Te greater than about 1.3 is generally wasgteful of
power required to drive the cycle. At higher values, the power generally
increases very substantially with only slight additional reductions in
system outlet temperature Tg except for Tg/Tz > 1.0.

Figure 11(b) indicates that wlth more realistic parameter values
VCp/R
e =0.8 and ¢ = 4] the obtalnable stem outlet temperature
(e ¢ (wegla sy mp

T 1s not as low as shown 1n figure 11(a). For example, at a constant
parameter value of TR/T3 = 0.6, and a constant power parsmeter of 0.45,
the system air temperature-reduction ratio is 0.47 in figure 11(a) and
0.66 in figure 11(b).

(wep)
The effects of €e and €q T_SETB on air temperature-reduction
WCp/a

ratio T4/T3 for the cycle are illustrated in figure 12. For simplicity,
the ordinate on these plots does not include the effect of alr compression
required to overcome alr pressure drop across the evaporator on tempera-
ture as wag shown In figure ll. Under the rather wide range of conditions
illustrated, the eveporator heat-exchanger effectiveness &, and the

W
condenser effectiveness parameter €, Z—EE%E mugt be maintained as high
WCplg
as possible in order to obtéin low cycle outlet temperatures. For this
cycle, 1t usually will be necessary for the product wep for the receilver
fluid to be several times (at least 4) as great as wcp for the air in
the cycle in order to obtain apprecilable alr temperature reductions.

A rough indication of the power requirements for both alr and
mercury-vapor cycle can be obtained from figures 9(b) and 1li(a), respec-
tively, for the ideal cases where the heat exchangers in both cases have
the highest possible effectiveness. Using conditions that are duplicated
in both curves, it can be seen from figure 9(b) that a system air
temperature-reduction ratio T5/Tl of 0.85 requires a power parameter of
0.27 for the air cycle. The power parameter required for the mercury-
vapor cycle (fig. 11l(a)) is 0.1l, and 1t is obtained by following the
illustrative line on the figure. It willl be noted that for TR/Tl = 1.0

T
R 0.835
= (1.0) 3= = 0.962

using the equation shown in the figure. The value of T4/T3 is read
from the ordimate to the right of the inclined lines for a value of

P4/Pz = 0.95. '

FTNC
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A comparison of the two systems for more practical values of heat-
exchanger effectiveness &p = €g = 0.8 can be obtained from figures 9(b)

(w :
and 11(b) when &, ZFG%YB = 4 for the mercury-vapor system. For a system
a

air temperature-reduction ratio T5/Tl of 0.85, the power parameter is
now 0.80 for the air cycle and 0.30 for the mercury-vapor cycle. In both
examples, the power for the mercury-vapor cycle is less than half of that
for the air cycle. Although the savings in power using the mercury-vapor
cycle will not necessarily always be of this magnitude, the higher effi-
ciency of the cycle 1s illustrated. Under some modes of operation where
Tc/Te is high, the mercury-vapor cycle will become less efficient.

From this rather preliminary study of air and mercury-vapor cycles
and aftercoolers, these systems are probably feasible for refrigerating
air that must enter the system at temperature levels of approximately
1500° R. For the case where the aftercooler is not sufficient for obtain-
ing air temperature reduction, either the air or mercury-vapor cycles
could be used, but the mercury-vapor cycle is more efficlent. In this
study, weight was not considered in evaluating the systems; such a study
would be required before the final choice of & system could be made.

Variations and Combinations of Systems

A number of varistions to the systems discussed can also be evaluated
by using the curves presented herein. Generally this evaluation is made
by assuming the over-all system is made up of two or more simpler systems
in series and by using the outlet temperature from one system as the inlet
temperature for the next system. The total power requirement for the
entire system would then be the sum of the powers required for each of
the simpler systems.

It was mentioned previously that the aftercoocler could be evaluated
from the curves presented for the air cycle; the system compressor pres-
sure ratlo P3/Pl is taken as the reciprocal of the heat-exchanger pres-
sure ratio P4/P3. An air-cycle system with an aftercooler both hefore
and after the compression process can be evaluated by assuming the alir
cycle shown in figure 1 to be in series with an aftercooler. An after-
cooler ahead of a mercury-vapor cycle could alsc be evaluated in a similar
manner. Another alternative might be an &ir cycle in series with a
mercury-vapor cycle. However, the charts presented herein cannoct be used
to eveluate an air éycle with a heat exchanger located at station 2 (fig.
1) for any case except where the pressure ratio Pz/Pl 1s the reciprocal
of the heat-exchanger pressure ratioc.
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Effects of Refrigeration Systems on Turbojet-Engine Performance

As indicated earlier, the effects of engine shaft power extraction -
were studied for a turbojet engine with s turbine-inlet temperature of
2500° R at £1light Mach numbers of 2.5 and 3.0 for engine operation with
and without afterburning. The afterburning temperature was 3500C R.
Engine compressor pressure ratios of 2, 4, and 6 at flight conditions were
studied. The shaft power extraction parameter gPi/wE wasg varied from O
t0 40 Btu per pound of engine air. The results of this study are pre-
sented in figure 13. From thls figure it is evident that the nonafter-
burning englne ls more sensltive to the effects of shaft power extraction
at both flight speeds but 1ls more so at the higher flight Mach number.

Not only are the magnitudes of the effects greater, but also the effects
of compressor pressure ratioc are more pronounced with the nonafterburning
engine. The decrease 1n relatlve thrust and increase in relative thrust
speclfic fuel consumption are almost linear wlth shaft power extractilon.

¥10S

As an example of possible effects on engine performance.due to shaft
power extraction for operating & refrigerating system, consider the power
parameters of 0.80 and 0.30 for the air and mercury-vapor cycles, respec-
tively, that were used in & previous illustration for &3 = &, = 0.8 and

(wep)
ec cp R = 4,
(wep)a
off for refrigeration (a reasonable value for turbine cooling purposes) .
and that the bleed temperature T; is 1500° R. The shaft power extrac-
tion parsmeter can be calculated from

Py . Py Wa
VE  VaCp,all (@)kcp’ai‘l)

The following table lists the relative thrusts and thrust specific fuel
consumptions obtained from figure 13 for an englne with & compressgor
pressure ratio of 4 at a flight Mach number of 2.5:

Alsc assume that 5 percent of the compressor alr is bled

(15)

Engine Air cycle Mercury-vapor cycle
Z, [y | Belative | Relative | & /wy | Relative | Relative
thrust thrust thrust thrust
specific specific
fuel fuel
consump- consump-
tion tion
Nopafterburning | 14.95 0.927 1.078 5.60 0.974 1.026 w«
Afterburning 14.95 .972 1.050 5.60 991 1.017
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From the precedling table, which conslders only the performance losses
due to engine shaft power extraction, it can be seen that the power extrac-
tion required for the alr cycle can cause the thrust to be reduced over 7
percent and the thrust specific fuel consumption increased by gbout the
same percentage. For the mercury-vapor cycle the performence losses from
power extraction are sbout one-third as great. If an aftercooler will serve
satisfectorily so that an air or vepor cycle is not required, there will
be prectically no power extraction. For both air and mercury-vepor cycles,
the afterburning engine has s smaller loss in thrust than the nonafter-
burning engine because exhasust-gas temperature i1s malntained constant by
burning more fuel in the afterburner. The loss in thrust for the after-

.burning engine is entirely due to a lower pressure in the exhaust nozzle

caused by & larger required pressure drop across the turbine. For the
nonafterburning engine the thrust is decreased by a reduction in both
temperature and pressure of the exhaust gases.

The performence losses listed in the table do not include the effects
of bleeding alr from the compressor or the effects of pressure losses or
heat addition if englne air is the receiving f£luid. The effects of bleed-
ing air from the compressor are discussed in reference 1ll. Such effects
may be greater than the losses due to power extractlion of the mercury-
vapor refrigeration cycle, but will probably be less than the power ex-
traction losses for the air cycle. By refrigerating the cooling air, the
guantity that must be bled for turbine cooling can be reduced. It is
possible that in some cases there may be a net gain in performance using
refrigeration because of the smaller quantity of air required for cooling.

Each application of any of these systems to an engine wlll be &

.unique case. A performance study will have to be made to determine effects

of quantity of bleed alr requlred, power extraction, and system weight on
engine performance for a wide variety of systems to plick the system that
will result in the best over-all engine performance. The study included
herein cannot he generalized to the point of determining which will be the
best system for every application, but use of the generalized curves that
are presented will permit the engine designer to analyze the effects of
thesgse systems on his particular engine.

CORCLUSIONS

The conclusions drawn from a thermodynamic study of ailr-cycle and
mercury-vapor-cycle refrigeration devices can be summarized as follows:

1. For compressor and turbine efficiencies (&bout 0.70) that seem
feasible for small units, a heat-exchanger effectiveness of almost 0.8
is required before an air cycle can be used to obtain a greater air tem-
perature reduction than is possible with an aftercocler with the same
heat-exchanger effectiveness. At these conditions, however, the air
cycle can alsc be used as a heat pump (receiver tempersture higher than
air-cycle inlet temperature).
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2. A convenient method for sbsorbing the power developed by the
suxiliary (expansion) turbine in an air cycle is to couple it to an aux-
1liary compressor. The allowable pressure ratlo permitted by this power
source ls so low, however, that it will not contribute to an appreciable
reduction in the air-cycle outlet temperature.

3. A system employing a mercury-vepor cycle esppears to be feaslble
for refrigersting air that must enter the system at temperature levels of
approximately 1500° R, and this cycle is more efficlent than the air
cycle. Welght was not considered 1n evaluating these two systems; such

a study would be required before a final choice of a system could be made.

4. Tt appears that the power required for the mercury-vapor cycle
mey have a smaller effect on engine performance than bleeding air from
the compressor. By refrigerating the cooling air to reduce the quantity
required, there may possibly be a net galn in englne performeance 1ln some
cases. T

Lewis Flight Propulsion Leboratory
Netional Advisory Committee for Aeronautics
Cleveland, Ohio, July 18, 1956

¥I0S
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AFPPENDTX A

SYMBOLS

cp, specific heat at constent pressure, Btu/(10) (°R)

&  heat-exchanger effectiveness by basic definition (eqs. (8}, (13),
or (14))

refrigerant enthalpy, Btu/lb

=

f1ight Mach number

m slope of line as defined in eq. (C13)

P stagnation pressure, 1b/sq £t

@ power, Btu/sec

Q total heat-trensfer rate, Btu/sec
s refrigerant entropy, Btu/(1b}(°R)
T stagnation temperature, °R

w weight flow, lb/éec

T ratio of specific heats

1 component adisbatic efficiency

el fictitious auxiliary-turbine efficlency defined by eq. (2)

¥ heat-exchanger pressure-drop parameter

(wey)

(wer g R
€ heat-exchanger effectiveness for T———§——— or r——J?——- = 1.0
we wcP min

p’min
(egs. (5), (c11), or (Cl2))

Subscripts:
a air
c compressor (stations 1 to 3 for air cycle; stations x to y for mercury-

vapor cycle)
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id

min

WX,
Y.z

1,2,3,

. NACA RM ES6QL3

condenser in mercury-vapor cycle, or mercury vapor In condenser
engine air

evaporator in mercury-vapor cycle, or mercury vapor in evaporeator
heat exchanger in air cycle

ideal

liquid refrigerant

minimm

recelver

refrig§rant (when used with w refers to total Tefrigerant weight
flow

auxiliary turbine
total
vapor refrigerant

stations in mercury-vapor compression cycle (fig. 5)

stations in alr-cycle refrigeration system (figi 1)

BFTNC
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APPENDIX B

DERIVATION OF WORKING EQUATIONS FOR ATR-CYCLE REFRIGERATION

For the sir-cycle refrigeration system it is specified that the
pressures out of and into the system (fig. 1) are equal, that is,
Pg = Py. Thus, P; = Pg 1s the pressure at which alr could be bled in-

terstage from the engine compressor and supplied to the turbine for cool-
ing. If the assoclated bleed tempereture T; is not low enough for

cooling purposes, & lower temperature Tg can be obtained by employing

the system illustreted in figure 1. However, energy external to the cyecle
must be expended to operate the system. This expendlture of energy 1s
necessary because of the component inefficliencies and pressure drop in
the heat exchanger. Since the engine compressor 1s usually more efficient
then the smaller suxiliary compressor, the alr is not bled from the com-
pressor until after it is compressed to engine compressor-discharge
pressure. Thus, the energy expended on the bleed alr in the main engine
compressor is

P2 = wgcp (T2 - T1) (B1)

The bleed alr can then be further compressed in an auxiliary compressor.
After cooling, the bleed air In the heat exchanger can be expanded through
the auxiliary turbine to further reduce its temperature and also to re-
cover some of the energy expended in the compressors. The net energy
expenditure to the auxlliary-compressor and -turbine combination is
Pos = Wécp,a(TS - Tp) - Wécp,a(Té - Tg) (B2)

Obviously the total energy to operate the system is

g’t = ?1_2 + 9’2_5 = Wacp,a(Ts - Tl) - Wacp,a(Té - T5) (BS)

This can also be expressed as

T-1 ¥-1
Y T
P P
- Yelpoell| (T8) 4| _ =) -
P Ao 21 1} - wgcp, g1*T5 B, 1 (B4)

where n¥ 1is a fictitlous turbine efficiency and ig,a is the efficiency

of the entire cycle compressor process from stations 1 to 3. The relation
between n* and 7ng based on turbine-inlet tempersture can be obtained

as follows. Using N to express suxilliasry-turbine work,
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T
P
5

Walp alTy = T5) = Wacp onpTy |1 - (ﬁ) (B5)

Using n%* +to express turbine work,

Pa\ ¥
Vacp,a(TIL - Tg) = "'acp,an'*TS 2 -1 (B8}
From equation (BS5) ' '
r-x
T Ps\ ¥
S Nl 1 - o1 (B5a)
Ty T Py

Dividing equation (B6) by Ty, solving for 1%, and substituting equation
(B5a) for Tg/T, yield

-1
T
Pr
Tip 1- E’
* =
T
1 - 1 - -1
Since P, P _ 5'5__4.. Dividing equation (B4) by W Ty
5’ By ~ By Ps a%p,a
and defining
-1
P3P} .
Py Pz
¥ = (3)
r-1

@

TNG
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yield

P )
1 e
.T_El C 28 wacp-, aTl
T-1

P Y

k) -1

P
which is a general expression releting the work and temperature ratio for
the sir cyecle.

(1)

When the product wep for bleed air 1is the smaller of the two fluids

used in a heat exchenger, the heat-exchanger effectiveness can be expressed
as follows:

-~ T
_ "3 4
Gh—TS_TR (5)
From an energy balance of the system,

%
Tz - Ty =Ty -~ Tg + —— (B7)
a~p,sa

Substituting equation (B7) into equation (5) and dividing by Ty yield

s P
V-w oty o
1  ¥alp,a’l
€nh = T O (B8)
3 IR
T, ~ T
The compression temperature ratio 1s
1-1
T P2\ ¥
=1 {3 -1 (B9}
1 c,a | \F1
Substituting equation (B9) into equation (B8) yields
Ty 2,
t o TI " Vgl 531
= P, (B10)
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Solving for é?t/wacp,aTl from equation (BlO), substituting it into

equation (1), and solving for Ts/Tl yield

- Y- 1

P\ ¥ T
—l—-(;-) ~ 1|+ 10 (1 -ey) + &y o2
Is _(c,al N1 i 1

Ty r-1
P5 r
T]* -:E;—) -11+1
1
which relates the air-cycle temperature ratio T5/Tl to the heat-
exchanger effectiveness &, and the tempersture ratio TR/Tl.

When no external power is supplled to the shaft of the auxiliary
compressor and turbine (%% _g = 0), equation (B2) combined with equation

(B8) becomes
r-1 cr-1

= - 1l= g1 | | = -1 B1l

Substituting equation (3) in equation (Bll) and dividing by T, yield

T-1 -1

__.Tz_ i”.) - 1} =¥ %5. Gé) Y -1 (B1r2)

Ne,aT1] \F2 1 1\1

Since &, - = 0, equation (B3) becomes
Py = Vatp olTz - T1) (B13)
Dividing equation (B13) by WgCp oTp end transposing yield

T
2y, P (B14)

Ty Walp,all

$TOS
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Substituting equation (Bl4) into equation (Bl2) ylelds the following

expression for the auxiliary-compressor pressure ratio:

( = &
1 ,ﬁEGﬁ’ -1 "
.P_:‘5_-ﬁ1+c"aL %1 LN S
5 = L
2 &
1+ L
Yalp,all
. /

(7)



28 J NACA RM ES6GL3
APPENDIX C

DERLVATION OF WORKING EQUATIONS FOR SYSTEM WITH
MERCURY-VAPOR COMFRESSION CYCLE

The mercury-vepor cycle is illustrated schematically in figure 5.
It can be seen that on the alr side the heat exchanger between stations
3 and 4 has been replaced by the evaporator of the mercury-vapor compres-
slon cycle and that the auxiliary compressor and turbine are not present.
Thus, in order to retain statlions 1 end 5 as inlet and outlet, respec-
tively, for the air side of the system, Py/Ps = 1, T,/T5 = 1, Pz/P, = 1,
and T3/T2 = 1. The alr temperature-reductlon ratio across the evaporator
T4/Tz can be related to the rate of heat removal from the air by the

following equation:

¥10S

T
Qz_4 = acp,a(TS - T,) = wécp,aTS(& - Tﬁ) (c1)

The power required to achleve this heat flow rate against an adverse
temperature-difference can be determined from a thermodynamic analysis of
the mercury-vapor compression cycle. The thermodynamic cycle of the
mercury refrigerant 1s illustrated in figure 6. Statlon w represents a
mixture of liquld and vapor refrigerant_at the inlet to the evaporator.
As the refrigerant flows through the evaporstor, the liguid portion ab-
sorbs the heat rejected by the bleed alr. This heat absorption is accom- .
plished by evaporation of a portion of the liquid refrigerant at a con-
stant pressure and temperature. The mixture of liquid and vspor refrig-
erant at station x (with a higher concentration of vapor than entered
the evaporator) is then compressed to the saturated vapor line at station
Y. As seen from figure 6, the efficiency of compression determines the
work AH required to achieve a saturated vapor. The temperature asso-
clated with the ssturation pressure at station y i1s sufficiently higher
than that of the heat recelver 1in the condenser so that the heat sbsorbed
in the evaporator plus the work of compression can be rejected. Heat
rejection In the condenser takes place &t constant pressure and tempera-
ture with change 1n state from saturated vapor at station y to saturated
liquid at station z. In order for the saturated liquid to be returned to
the evaporator in a state capable of absorbing more heat, the refrigerant
is expanded through & throttling valve to the spaturatlion temperature and
pressure in the evaporstor (station w). Since throttling is a constant
enthalpy process, it is necessary for a portion of the liquid to flash to
vapor during the process. Thils accounts for the mixture of liquid and
vapor entering the evaporator at station w.
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In this study, 1t was desirable to know how the work necessary to
operate the cycle varied with the rate of moving heat and the temperature
difference agalnst which it is moved.

For isentropic compression the following two equations apply:
Vo, g = W, ,x - (W = W B, o o= Wy A 49 (c2)
V3,x51,x t (vp - W )8y, x = Wby y (c3)

Dividing equations (C2) and (C3) by w, gives

W,
1,X
AHg,r,1d = "W, (By,x - By,x) + By - By (cza)

w s -5
-‘.Zr& = V¥ Sv’x (CS&)
r Sl,x T Pv,x

Substituting equation (C3a) into equetion (C2a) and dividing by the com-
pressor efficlency yleld the actual work per pound of refrigerant to
operate the system:

[8v,y - Sv, 0 (Brx - B )| Byyy - Hypx
e, =L (8g,x - Sy, x)nc, T * e, r (ce)

The condensing process from station y to z can be expressed by the fol-
lowing equation:

Q + wp AHC,I‘ = Wr(Hv,y - Ez,z) (05)

Solving equation (C5) for w, ylelds

< (
W, = 058-)
T Hv,y - Hz,z - AHc,r

Since wp AHc’r is the power to operate the wercury-veapor compression
cycle, let wy AHy . =Pp. Combining equations (c4) and (C5a) gives

= - Q (cs)
gr (Hv,y - Hl’z)nc,r

(8v,y - Sv,x) By x - Hy x)
5 VX VaX 2 X
* V¥ T VX

SZ,x - Sv,x
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Equation (C6) can be made dimensionless; thus,

Ir _ - 1 c7
Q (By,v - B3 z)ng,r ()
(Ble = Sv,x)(Hv,x - H%,;) +

Sl,x - Sy,x

HV:Y - H'V:x

Substituting equation (Cl) into equation (C6) and transposing yield

Ta -1 - Py nC,r(Hv,y - Hy 3) _ 4

T3 “acp,aTS (Sv,y - St,x)(Hv,x - Bi,x) +
5, x - Sy x Hy,y = Bv,x
2 2

(9)

In order to compare the mercury-vepor compression cycle on the same basis
as the air cycle, the energy expended to overcome the air pressure drop
in the evaporator must be taken into account since it is specified thst
Py = Pyj. This requires that prior to refrigeration in the evaporator the
air pass through a compressor with a pressure ratio sufficient to over-
come the evaporator pressure drop:
P P
2 3 L (cs)

EX e B2

P, P, DPi/P3

The energy requlred for thls compression is

r-1
U T T
S R A e B R AR (c9)
a p,a qC,a 1

Substituting equation (C8)_into equation (C3) and dividing by T; ¥yleld

r-1
P35 Tz 1 1 \7
— =2 = 2] = -1 (c10)
Walp,aTy Tl 1¢,a | \Pa/P3
From the equality on the right,
T-1
T : T
3 1 1
=14 -1 (c10a)
Ty nc,a Q?éJPL’:)
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Therefore, since T5/Ty = 1,

T T X5l

5 4 1 1

= e o=—=d 1 + -1 (11)
I, T3 Ic,a kPAL/Ps)

which expresses the temperature ratio for the entire system. The total
energy expended in this system is the sum of that shown in equations (9)

and (Cl0):

% % Tz\  Ts
one e\t E -t
¥aCp,atl ¥alp,a’3 \'1 1

Factoring T/T; and substituting for it from equation (Cl0a) yield

» -1
Y-l

I (L SN S | 13) -1/t (10

WacP, aTl WacP, aTs nc, a P47P

The obtainsble alr tempersture-reduction ratio across the evaporator can
also be expressed in terms of the evaporator effectiveness and evaporation
temperature by means of equation (5) with revision of subscripts:

Tz - Ty

o =m —0ouu
e T, - T. {(c11)
The condenser effectiveness can be expressed as
W ' 2,
S.EE!E (T, - T,) + —e
(we_) 5 T4 (we)
- 25 (c12)
€c Tc - TR

There is a linear relatlon between Q;/wacp,aT3 and T4/T3 in
equation (9) (see fig. 11) if the temperature ratio T,/T, is maintained
constant. From numerical values obtained from equation (9), the follow-
ing expression may be written:

Fr ({% - l) x (Cc13)

S— el Y —
WaCp,al3 Tz m
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where values of 1/m for the mercury-vapor cycle are as follows:

To/Te 1/m ,
1.1 -0.240
l.2 - 540
1.3 -+945
l.4 -1.53
1.5 -3.01

¥TOS

Combining equations (Cll) to (Cl3) results in

(w )R(l Te Tr T 1
. z_°2y- e, B_¢),,.1
E. ¢ (wep)a\% Te Tz  Tg m (12)
T W T
3 (wep)r 1 c"'l"i}

& p—
c
Wepla e Te
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