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PREFACE

This document is one of 14 Aerospace Information Reports (AIR) of the Third Edition of the SAE Aerospace Applied
Thermodynamics Manual. The manual provides a reference source for thermodynamics, aerodynamics, fluid dynamics,
heat transfer, and properties of materials for the aerospace industry. Procedures and equations commonly used for
aerospace applications of these technologies are included.

In the Third Edition, no attempt was made to update material from the Second Edition nor were Sl units added. However,
all identified errata were corrected and incorporated and original figure numbering was retained, insofar as possible.

The SAE AC-9B Subcommittee originally created the SAE Aerospace Applied Thermodynamics Manual and, for the Third
Edition, used a new format consisting of AIR1168/1 through AIR1168/10. AIR1168/11 through AIR1168/14 were created by
the SAE SC-9 Committee.

The AIRs Comprising the_Third Edition are shown helow Applir‘ahlp sections of the Second Edition are shown parenthetically
in the third column.

AIR1168/1 Thermodynamics of Incompressible and Compressible Fluid Flow (1A,1B)
AIR1168/2 Heat and Mass Transfer and Air-Water Mixtures (1C,1D,1E)
AIR1168/3 Aerothermodynamic Systems Engineering and Design (3A,3B,3C,3D)
AIR1168/4 Ice, Rain, Fog, and Frost Protection (3F)
AIR1168/5 Aerothermodynamic Test Instrumentation and Méasurement (3G)
AIR1168/6 Characteristics of Equipment Components;‘Equipment Cooling System

Design, and Temperature Control System, Design (3H,34,3K)
AIR1168/7 Aerospace Pressurization System Design (3E)

AIR1168/8 Aircraft Fuel Weight Penalty Due to Air Conditioning (31
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AIR1168/9

AIR1168/10

AIR1168/11

AIR1168/12

AIR1168/13

AIR1168/14

Thermophysical Properties of the Natural Environment, Gases, Liquids,
and Solids

Thermophysical Characteristics of Working Fluids and Heat Transfer Fluids
Spacecraft Boost and Entry Heat Transfer

Spacecraft Thermal Balance

Spacecraft Equipment Environmental Control

Spacecraft Life Support Systems

(2A,2B,2C,2D)
(2E,2F)
(4A,4B)

(4C)

(4D)

(4E)

F.R. Weiner, formerly of Rockwell Internatlonal and past chalrman of the SAE AC- QB Subcommlttee is commended for his

dedication and effort i
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SECTION 3A - AIR CONDITIONING LOAD ANALYSIS
1. INTRODUCTION
1.1 Scope
This section presents methods and examples of computing the steady-state heating and cooling loads of aircraft
compartments. In a steady-state process the flows of heat throughout the system are stabilized and thus do not change
with time. In an aircraft compartment, several elements compose the steady-state air conditioning load. Transfer of heat
occurs between these sources and sinks by the combined processes of convection, radiation, and conduction in the

following manner:

1. Convection between the boundary layer and the outer airplane skin.

2. Radiation between-the-external skin-and-the external environment

3. Solar radiation|through transparent areas directly on flight personnel and equipment and on the cabin interior
surfaces.

4. Conduction thrdugh the cabin walls and structural members.

5. Convection between the interior cabin surface and the cabin air.

6. Convection between cabin air and flight personnel or equipment.

7. Convection and|radiation from internal sources of heat such as eléctrical equipment.

The subsequent paragraphs discuss methods of determining each of the heat transfer rates listed|above, as well as the
physiological considergtions involved in the selection of proper_¢abin conditions that are to be maintained.

1.2 Nomenclature

A = Area, ft?, in.2

a = Insulafion thickness, ft

¢ = Velocity of sound, ft/sec

¢, = Specific heat capacity\at constant pressure, Btu/lb-°F
E = Electrical equipment power consumption, watts

ey = Skin emissivity, dimensionless

f = Friction factor, dimensionless

F. = Configuration factor, dimensionless

Fe = Emissivity factor, dimensionless

F-skinssoil = Fuselage view factor of the reflective ground, dimensionless

Gs = Total solar radiation (irradiation), Btu/hr-ft?
g = Gravitational acceleration, ft/sec?
h; = Equivalent conductance due to conduction and convection, Btu/hr-ft2-°F

=
n

Film conductance, Btu/hr-ft2-°F
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h, = External surface conductance, Btu/hr-ft?-°F

h; = External surface conductance based on enthalpy, Btu/hr-ft2-°F

h, = Equivalent conductance due to radiation, Btu/hr-ft2-°F

i* = Reference enthalpy, Btu/lb

io, = Enthalpy corresponding to free stream temperature, or enthalpy corresponding to temperature at edge of
boundary layer, Btu/lb

ir = Enthalpy corresponding to recovery temperature, Btu/lb

iw = Enthalpy corresponding to skin temperature, Btu/lb

k = Thermlal conductivity of air, Btu-ft/hr-ft2-°F

ki = Thermlal conductivity of insulation, Btu-ft/hr-ft>-°F

m = Mass,|lb

M = Mach pumber, V,/c, dimensionless

Ner = Grashpf number, x3(p)? gBAT/u?, dimensionless

Nnw = Nussellt number, h; x/k , dimensionless

Npr = Prandjl number, pc,/k dimensionless
Ngre = Reyndlds No., Voxp/u, dimensionless
P = Presslre, Ibf/ft

P, = Ambignt pressure, Ibf/ft?

gc = Rate qf heat flow, Btu/hr

ger = Total heat flow from.cabin, Btu/hr

qs = Total golar heat'load transmitted through transparent areas, Btu/hr
r = Recoveryfactor, dimensionless

rf = Soil reflectance, dimensionless

t = Temperature, °F

AT = Difference in temperatures, °R

T. = Cabin temperature, °R

T« = Cargo compartment temperature, °R

Tmax= Maximum allowable temperature of electrical equipment compartment, °R
T, = Recovery temperature, °R

To = Outside ambient temperature, °R
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Tst = Local ambient static temperature or static temperature at edge of boundary layer, °R
T. = Effective temperature of outer space, °R

Tw = Outer skin (wall) temperature, °R

U = Overall conductance Btu/hr-ft2-°F

Vo, = Free stream velocity or velocity at edge of boundary layer, ft/sec
W = Amount of cabin air required to cool electrical equipment, Ib/hr
Xx = Thickness or length, ft

Z = Compressibility-facter-dimensionless

as = Solar absorptance, dimensionless

B = Volumetric thermal expansion coefficient, dimensionless

p = Density, Ib/ft?

t = Overa|l solar transmissivity of transparent area, dimensionless
y = Specific heat ratio, cp/cy, dimensionless

n = Efficiepcy or effectiveness, dimensionless

M = Absolyte viscosity, Ib/ft-sec

o = Stefan-Boltzmann constant, 0.171 x 10-8,.Btu/hr-ft2-°R*

1.3 Common Abbreyiations

ARDC
ASME
ASHRAE
Btu
Eq.(Egs.)

°F

Fig.(Figs.)
fpm, ft/min

fps, ft/sec

ft

hr

- Air Research and Development Command

- American Society.of Mechanical Engineers

- American Society of Heating, Refrigeration and Air Conditioning Engineers

- British-thermal unit

- Equation(s)

— Degrees Fahrenheit
— Figure(s)

— Feet per minute

— Feet per second

— Feet

— Hour

— Inch

— Pound mass
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Ibf
Ibf/ft2
Ib/hr
min
mph
no.
%

Par.(Pars.)

— Pound force

— Pounds force per square foot
— Pounds mass per hour

— Minute

— Miles per hour

— Number

— Percent

Paronrohh/e\

‘R

Ref.

sec

WADC
2. PHYSIOLOGICAL

The maintenance of g
temperature, moisture
consideration of cost

sufficient control must
can be accomplished.

and humidity requirem
Refs. 2 and 4.

The conditions requirg
comfortable for one pe|
to be comfortable for g

SgFaprs)
- Degrees Rankine

- Reference

- Second

- Wright Air Development Center (U.S. Air Force)
REQUIREMENTS

comfortable and safe environment for humarr,occupancy involves the simu
content, movement, purity, and absolute pressure of the air in occupied areas
hnd weight make it impractical to controkall factors that maintain ideal cond
be maintained to provide for the safety.of the occupants and to ensure that the
As this section is concerned with the calculation of air conditioning thermal load
ents will be considered here. For‘a‘more detailed discussion of physiological

d for comfort in an occupied area depend to a large extent on the individu
Fson may be decidedly. uncomfortable for another. However, certain conditions
large number of pérsons. The combinations of temperature, humidity, and aif

comfort or discomfort

21

ave been tabulated and are expressed as “effective temperature.”

Effective Tempdrature

The effective temperajure is.an experimentally determined index of the degree of warmth experie
exposure to different combinations of temperature, humidity, and air movement. The numerical
temperature for a givep Set of conditions is the temperature of saturated, slowly moving (15-25 ft/mi

taneous control of the
. In many applications,
itions, but in all cases
mission of the aircraft
5, only the temperature
requirements, refer to

al. Conditions that are
have been determined
movement that cause

nced by individuals on
value of the effective

n) air that results in the

same feeling of warmth. The effective temperature cannot be measured directly, but must be obtained from charts (such as
Fig. 3A-1) for various conditions of temperature, humidity, and air movement.

Lines of constant effective temperature show conditions that will produce equal sensations of warmth, but not necessarily
equal sensations of comfort. Some degree of discomfort will be experienced at very high or very low relative humidity, high
air velocity, or extreme temperatures, regardless of the effective temperature.

In summer the most popular effective temperature appears to be 71°F, and in winter, 68°F. However, the effective
temperature index must be used with discretion since it is an experimentally determined index, based on tests of United
States inhabitants who are normally clothed. Also, the tests that established the index were performed with convective type
heating systems where radiation was not a factor. The summer index applies to persons completely adapted to artificial air

conditions, which requ

ire from 1-1/2 to 3 hr exposures.
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3. STATEMENT OF HEATING AND COOLING LOAD EQUATIONS
3.1 Heat Transfer Between the Air and Skin

The heat transfer between the air and the airplane skin is determined by an equation of the form

qc =hA(T, - Th) (3A-1)
200 l 7
PRV N
§ &\5 y. ) 7 I~
A% Q Q,‘?é*v a v
(=] =) Q
_ 160 %\V‘G‘, B 80) N =y,
1 N
2 Al P %", Y,
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PRY BULB TEMPERATURE, °F
Figure 3A-1 - Psychrometric Chart, Persons at Rest, Normally Clothed, in Stifl Air
3.1.1  Ground Static|Conditions

At ground static condifjons, Eq. 3A-1.becomes:
qc = hoA(To - Tw) (3A-2)

For this case, h, may pe-evaluated in the same manner as the mternal coefﬂment h; dlscussed in Far. 3.2.2. The value of
ho may be obtained fra pose is usually taken as

22 ft/sec unless it is known to be dlfferent fora partlcular appllcat|on For a veloc:|ty of 22 ft/sec ho has the value 8.9 Btu/hr-
ft2-°F.

The evaluation of the skin temperature, T,, necessary to solve Eq. 3A-2, is a tedious process, but as will be shown in
Par. 3.2.1, it can be omitted by determining an overall coefficient of heat transfer from outside to inside. If it is necessary or
desirable to determine the skin temperature, a heat balance at the skin must be formed as described in Par. 4.3.
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3.1.2  Flight Condition

For flight conditions, Eq. 3A-1 takes the form

qc =h, A(T, -T,) (3A-3)
whereT, =T, [1 + r(%jMz} (3A-4)

The recovery factor, r, has the value /N5 for laminar flow and $/Np, for turbulent flow. The determination of surface
conductance for use in Eq. 3A-3 is more involved than for the ground static case and is the subject of the next paragraph.

3.1.2.1 Determinati
In recent years (circa 1955-1965) much work has been done in the field of high velocity heat transfer,|with most of it directed
to the problem of aerodynamic heating. From this work, several methods of determining the film cofficient were evolved.
The method given herg is described in detail by Eckert in Ref. 5 and is known as the referénce temperature method.
When the property values in the equations that describe the flow and heat transfer are evalujpted at the reference
temperature, the variation of the friction factor with Mach number and T./T, vanishes. The equations required to evaluate
the reference temperature and the surface conductance are as follows:
*=05(T,+T,)+ 0.22{%1}/\/12% (3A-5)
h* = P (3A-6)
RT*
V *
N, = Y0P X (3A-7)
18
[~ _ 9332 aminar flow) (3A-8)
2 (Nge)™
[~ _ Lz9062(turbulent flow) (3A-9)
2 (Ngs)™
N p*C;(f*/z) ZaYaYaYal\Wi
D, = (N;,r )0.667 (O0UU)V (3A-10)

where T* = Reference local static temperature, °R
x = Distance from origin of boundary layer, ft

In the preceding equations the asterisk superscript denotes the reference temperature and property values evaluated at the
reference temperature. The equations are solved for a given flight condition as follows:
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1. Assume a skin

2.

temperature T,, and solve Eq. 3A-5 for the reference temperature.

Eq. 3A-10, is the surface conductance corresponding to the assumed skin temperature T,.

temperature.

Note: See Par. 8 for a sample calculation.

Solve the remaining equations, evaluating the fluid properties at the reference temperature. The resulting h,, from

Utilizing Eq. 3A-2 and the procedure described in Par. 4.2, determine by an iterative procedure the equilibrium skin

Dissociation Effects — At air temperatures above about 3000°R, air begins to dissociate, and the specific heat increases
rapidly, since dissociation energy as well as thermal energy is being absorbed. When this happens, temperature is no longer
a correct measure of the energy content of the air, and it must be replaced by a corresponding enthalpy. Also, when
dissociation occurs, the gas constant R changes.

This change is accour
gas constant. To alloy
follows:

The method of solutior
same as when using th
iw is determined. Eq.
evaluated, using fluid
temperature.

3.2 Heat Transfer B

The heat transfer betw
following factors:

ted for by introducing a compressibility factor, Z, which must be used in com
v for dissociation effects, certain of the equations in Pars. 3.1.2 and 3.1.2.1

* = 0.5(i, +i,)+ 0.22[%1)/\4%;

P
RT*Z

*

P V(f* 12)c,

(N;:, )0.667

’
o

(3600)

e = hé)(ir - iw)

of Egs. 3A-11 to Eq. 3A-14.combined with the unaffected equations of Par. 3
e reference temperature method directly. An outer skin temperature is assume
3A-11 is then solved for.i*. A T* corresponding to /* is determined and th¢
broperties corresponding to T*. An iterative procedure is then used to determi

btween the SKin'and Occupied Areas

een thesskin and occupied areas occurs mainly by conduction, but the situatio

putations involving the
must be modified as

(3A-11)

(3A-12)

(3A-13)

(3A-14)

1.2.1 is essentially the
d and a corresponding
b remaining equations
he the equilibrium skin

h is complicated by the

1. The cabin wall

2.

radiation.

. Heat transfer at

1 s £ 1l £ olLe 4 R |
oUdlly CUTTISIOWS UT' STVET Al IdyTTroS UT UINTTTTIUTTIAtTTial.

. The structural members, bulkheads, and floors usually act as fins to dissipate heat.

the inner cabin walls is usually by convection.

difficult to determine.

The construction throughout the structure is not the same; therefore, many parallel heat flow paths exist.

. There may be dead air spaces that affect heat flow through a combination of conduction, free convection, and

. Heat transfer may occur to or from adjacent nonconditioned compartments where the temperature is unknown or
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In order to simplify the calculations, it is assumed that heat flows in parallel paths and is one-dimensional; that is, the heat
flows along radial lines with no circumferential or longitudinal pattern. For a discussion of methods that consider two- or
three-dimensional heat transfer, refer to Ref. 6.

3.2.1  Combined Heat Transfer Through Composite Walls

The heat transfer equation for a simple composite wall as shown in Fig. 3A-2 can be written as

q=h,AT,-T,) (3A-15)
ki

q=—"AT, -T,) (3A-16)
X4

="2 AT, -T,) (3A-17)
X3
ks

y=—A(T, - T)) (3A-18)
X3

y =hA(T; - T,) (3A-19)

For a steady-state progess, the heat transfer is equal through each section ofithe wall; therefore, adding Egs. 3A-15 to 3A-19
and solving for q gives

OUTER FILM, CONDUCTANCE, hq
OUTER SKIN, THICKNESS %, CONDUCTIVITY k,

INNER WALL, THICKNESS x3, CONDUCTIVITY k3
INNER FILM}\ E€ONDUCTANCE h;

To

Figure 3A-2 - Simple Composite Wall

q=VA(T, -T;) (3A-20)

where U, the overall conductance of the wall in Btu/hr-ft2-°F is given by

1
= 3A-21
v 1 x5 X x3 1 ( )

+7 >
hy ki Kk, ks h

or

U= 1 (3A-22)

_ (/h,)+ [Z(x/k)]+(1/h,)
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3.2.1.1  Overall Conductance for Ground Static Heating

The maximum ground static heating load ordinarily occurs at night when solar radiation to the skin is not a factor. For this
case, Egs. 3A-20 and 3A-22 are valid as stated, with the overall conductance U based on total resistance from outside to
inside.

The outside and inside film coefficients, h, and h;, can be evaluated from Eq. 3A-25 at the design velocity, ordinarily assumed
to be 22 ft/sec for the outside and 3.3 ft/sec for the inside. The thermal conductivity values can be obtained from the tables

in AIR1168/9.

3.2.1.2 Overall Conductance for Ground Static Cooling

The maximum ground static cooling load occurs during the day when solar radiation to the skin is a factor. For this case,

Eqgs. 3A-20 (see Fig. 3

A-2) and 3A-22 take the form

The difference is that,
a heat balance at the 1
are determined from e

3.2.1.3 Overall Con

In flight, at subsonic a
the conductance of thg
the skin temperature ¢
The overall wall condu

3.2.1.4 Overall Con

In flight, at Mach numb
hot enough to radiate
than the recovery tem
transfer can be determ
3.2.2 Internal Coeffi

Heat transfer between
air or by free convectio

q-= UA(TW _Tc)

U~ 1
[Z(x/k)]+(1/h,-)

bwing to solar radiation, the skin temperature may be higher than ambient temg
bkin to determine skin temperature, as shown in Par. 4.3y The overall conduct
uations that apply from the outer skin to the cabin.

Huctance for Flight Below Mach 2

nd low supersonic Mach numbers, the conductance of the outer film, h,, is la

an be considered equal to the recovery temperature and can be determined
ctance and heat transfer can be détermined using Egs. 3A-23 and 3A-24.

Huctance for Flight Exceeding.Mach 2

ers exceeding Mach 2saerodynamic heating becomes significant and the skin
considerable heat away from the skin to the atmosphere. The skin tempera
berature and may be-evaluated by the method shown in Par. 4.2. The overall
ined from Eqs.\3A-23 and 3A-24.

Cient of Heat Transfer

theinnér walls and the air in the compartments occurs by forced convection ¢
ndmunventilated spaces. Very little work has been done to determine accurate

(3A-23)

(3A-24)

erature, thus requiring
hnce and heat transfer

ge in comparison with

rest of the wall, and the effects of radiation to and from the skin are usually insignificant. Therefore,

as shown in Par. 4.1.

temperature becomes

ture is ordinarily lower

conductance and heat

ue to cabin ventilating
values of heat transfer

coefficients under co

ditions directty applticable toaircraft cabins However, experiments thatav

commercial application provide an indication of values to be expected in aircraft applications.

An equation that fits a

curve given in Ref. 2 for the surface film coefficient is

h; =2.0+0.314V,

e been conducted for

(3A-25)

The values from Eq. 3A-25 are actually reported for stucco from Ref. 2, but since these are the largest values reported, it is
recommended that this equation be used unless better data are available. Generally, air velocities in an occupied
compartment will be in the range 0 — 3.3 ft/sec. Therefore, h;, will have the range 2.0 — 3.04 Btu/hr-ft>-°F under ordinary
conditions. It should also be noted that Eq. 3A-25 may be used to determine the outside surface conductance, h,, for ground
static conditions.
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3.2.3 Heat Transfer Across an Enclosed Airspace

Often a composite wall includes an airspace between the outer skin and inner wall, as illustrated in Fig. 3A-3. The heat
transfer across such an airspace occurs by a combination of conduction, radiation, and convection. It is convenient to lump
the convective and conductive heat transfer together as an equivalent conductance and to consider heat transfer by
radiation separately as an equivalent conductance due to radiation. The resulting equation for heat transfer across an
airspace is (see Fig. 3A-3)

q=h,A(T, —T3)+h AT, - Ts) (3A-26)

INSULATION, THICKNESS x,, CONDUCTIVITY ko
AIR SPACE, THICKNESS x3, CONDUCTANCE (hc+ hy)
INNER WALL, THICKNESS x,, CONDUCTIVITY kg

OUTER FILM, CONDUCTANCE h,
/ OUTER SKIN, THICKNESS x,, CONDUCTIVITY k,
[INNER FILM, CONDUCTANCE h;

Figure 3A-3 - Simple Composite Wall Including an Air Space

To solve Eq. 3A-26, the surface temperatures T> and T3 must be Known. Also, as shown in Pars. 3.2.3.1 and 3.2.3.2,
temperatures T2 and T are required to evaluate h; and h. This means that an iterative procedure ig required to obtain an
exact solution. A sugggested procedure is as follows:

1. Estimate an eqyivalent conductance for the air space.

2. Compute the overall conductance of the wall:from

Uy = (3A-27)
Z X 1 1
K h.+h, )« h
(See Fig. 3A-3.)
3. Compute the surface.temperatures T2 and Ts from
Upe(Ty =Tc) =Uyo(Ty, - T) (3A-28)
Uwc(Tw _T ) U3C( T ) (3A-29)

where Uy = Overall conductance of wall (wall-to-cabin), Btu/hr-ft2-°F

U2 = Overall conductance from outer wall to inner surface of air space, Btu/hr-ft>-°F

U . — 1
w2 (X171 kq)+ (x5 1ky)

(3A-30)
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Us.: = Overall conductance from inner surface of air space to cabin, Btu/hr-ft>-°F

1

Upg=——"
%7 (xq Thy)+(1/hy)

(3A-31)
4. Compute the equivalent conductance of the air space by the methods of Pars. 3.2.3.1 and 3.2.3.2.

5. With the computed conductance of the air space, return to step 2 and compute the overall conductance of the

wall. For the desired accuracy, repeat this procedure until two successive values of the overall conductance
agree.

3.2.3.1 Equivalent Conductance of an Air Space Due to Conduction and Convection

The equivalent conductance of an air space may be determined as a function of the Grashof number, Prandtl number,
Nusselt number, and the length/width ratio of the air space, by using the following equations:

1. Vertical air spades (walls enclosing air spaces are vertical):

h;X =1 fof Ng, <2000 (3A-32)
! D
eX _ 080 N % for 2x10% < Ng, <2.1x10° (3A-33)
k (L/ )1/9 Gr'VPr Gr
b,
"’lc(_x - _(LO/'C%(NG,NP, 5% for 2.1x10° < Ng, <1.1x407 (3A-34)
),

2. Horizontal air spaces (walls enclosing air spaces are.horizontal):

h
;X = 0.21(Ng,Np, )% for10* < Ng, <8:2%10° (3A-35)

hix

=0.075(Ng,Np, )3 for8:2x10° < Ng, <107 (3A-36)

where AT = Differgnce in surfacestemperatures, °R (used in Ngr)
L = Heigh{ of air,space, ft

x = Width pfair space, ft

3. Inclined air spaces - For air spaces inclined at an angle from the horizontal, it is satisfactory to interpolate between
the values for horizontal and vertical air spaces.

The preceding equations are plotted for vertical and horizontal air spaces in Fig. 3A-4.
3.2.3.2 Equivalent Conductance of an Air Space Due to Radiation

Radiant heat exchange is proportional to the difference of the fourth power of the absolute temperature of the surfaces
emitting and receiving the radiant energy:

q =cAF,F, (T, -T;) (3A-37)
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(see Fig. 3A-3) where
Fe = Emissivity factor, a function of the emissivities and the configuration of the surfaces, dimensionless
F. = Configuration factor, a function of the configuration of the surfaces, dimensionless
Since the heat transfer due to convection and conduction is proportional to the difference of the first power of the

temperature, it is convenient to determine an equivalent conductance due to radiation that can be used with the first power
of the temperature. This can be done by setting the second term of Eq. 3A-26 equal to Eq. 3A-37 and solving for h, (see

Fig. 3A-3):

107

VERTICAL
AIR SPACES

106

HORIZONTAL
AIR SPACES

10°

\ x3(pg)PgPA T
Gr = “2
1 I IEilll | I ['IIII
\\
| 1 IIIIEI | | J|||||

W
l
104 1t
I/}

1 IIEIII

P RERL
Temae

I
I

100 T O B I B R
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Ny = he x/k

Figure 3A-4 - Nusselt Number versus Grashof Number for Vertical and Horizontal Air Spaces. Note: Npr = 0.72

(3A-38)

h::aﬂijf_Y?)
" (-7

Values of h, are plotted in Fig. 3A-5 for various values of surface temperature and for F, F. = 1. For other values of F; F,
the hr obtained from Fig. 3A-5 must be multiplied by the correct F, F.. The configuration and emissivity factors for infinite
parallel planes give a good approximation to those for dead air spaces. The configuration factor is 1, and the emissivity

factor is:
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F = 1
(1/e))+(1/e)—1

(3A-39)

(see Fig. 3A-3) where e, and e3 are the emissivities of walls enclosing the air space.

10.0 T T T T T T | 1100
8.0 1000
900
6.0 800
5.0 700
600
4.0 500
400
3.0 300
@ 2.0
u_lﬂ
=
1.0
0.8
0.6
0.5
0.4
0.3
0.2 | | | | | | |
300 400 500 600 700 800 900 1000 1100

T,,%R
Figure 3A-5 - Equivalent Heat Transfer-Coefficient for Radiation
3.2.4 Fin Effect of Sfructural Members

Structural members thpt are attached to the aircraft skin‘ahd protrude into the cabin interior, such ag fuselage frames, can
be considered as fins.

For the purpose of thig analysis, it is assumed that'the base of the frame is in contact with the skin and therefore is at skin
temperature. The heat transfer from a plain fin in contact with the skin, as shown in Fig. 3A-6, canp be determined using
Eq. 3A-40:

g- CuCLEﬂnh m¢L
meL

(Tw v Tc )
(3A-40)

where C = Perimeler of fin

=2(b + &), ft(S€e Fig. 3A-0)

L = Projection of fin into cabin, ft

_ JuClkA ft"

uc = Unit conductance of surface of fin, including insulation, Btu/hr-ft2, given by 1/[(1/h)) + (a/ki)]

and where, for u; and my, respectively,

A =Conduction cross — sectional area of fin
=bs, ft?
a = Insulation thickness, ft
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|\
Figure 3A-6 - A Simple Fin
Eq. 3A-40 can be written as
q= Cuanf (Tw - Tc) (3A'41)
tanh

where 77, =

m;

Fig. 3A-7 plots nras a
Another factor to be co

from a comfort standp)
fin, shown in Fig. 3A-6

L . ) ) )
LL = Fineffectiveness, dimensionless

function of md..
hsidered, especially for noninsulated fing;is the temperature distribution along

. is solved by

coshm (L —x)

where Ty is the temper
values of x/L and mqL.

coshm fL

ture of the surface’of the fin at a distance x from the wall. Eq. 3A-42 is plotted

pint to have very cold or very hot surfaces in occupied areas. The temperatu

he fin. Itis undesirable
re distribution along a

(3A-42)

in Fig. 3A-8 for various
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Figure 3A-8 - Temperature Distribution Along a Fin

4. SKIN TEMPERATURE COMPUTATIONAL METHODS

4.1 Skin Temperature at Flight Conditions Less Than Mach 2

In the flight range below Mach 2, it is satisfactory to assume that the skin temperature is equal to the recovery temperature:

T, =T, - T{Hr(—y;qMﬂ

(3A-43)

When this assumption for skin temperature is used, the outside film conductance, h,, is not to be included in the computation

of the overall conductance, U, of the wall.
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4.2

Skin Temperature at Flight Above Mach 2

At approximately Mach 2 the skin temperature becomes high enough for radiation from the skin to become significant. To
determine accurately the skin temperature under these conditions, a heat balance at the skin must be written as follows:

ho(Tr_Tw) = — aGs

where ho(T-—Ty)

4p

A

= Heat transferred to the skin by aerodynamic heating, Btu/hr-ft2

1 1
- aGs(rf)Fv—skin—soil + U(TW - TC ) + EO-F;EFa(Tv?/ - Tlf) + EO-F;EFa(Tv?/ - Te4)

(3A-44)

urces). For a body of
ity factor is equal to
rth’s surface to be
nificant at altitude. as
tituting these

aGs(Ap/A) = Heat gained by solar irradiation, Btu/hr-ft?

aGs(rf) (F-skinssoi) = Heat gained by solar irradiation reflected from ground (Albedo), Btu/hr-ft2

U(Tw—T¢) = Heat lost by skin through cabin walls to cabin interior, Btu/hr-ft?

(1/2)(5FeF‘,,,(TVf,1r —Te4) = Heat radiated from lower half of airplane skin to earth’s surface,-Bty/hr-ft?

(1/2) cFeFa(va — Tu4) = Heat radiated from upper half of airplane skin to atmosphere, Btu/Hr-ft?

ds = Solar absorptance, dimensionless

AplA = Ratio of projected area of fuselage to the total area, dimensionless|

Te = Mean temperature of earth’s surface, ’R

Fe = Emissivity factor, dimensionless

Fa = Configuration factor, dimensionless

rf = Soil reflectance, dimensionless

Fv-skinssoit = Fuselage view factor of the reflective ground, dimensionless
At high altitudes, the splar irradiation intensitytis approximately 430 Btu/hr-ft? (from Ref. 7 or other s¢
revolution, the value of Ay/A is 1/1. The configuration factor for fuselage shapes is 1 and the emissiy
the emissivity of the sKin, ew. The effectivé temperature of space is assumed to be 0°R and of the e3
510°R. (At lower alttitudes, Tsky values\available on line should be used.) The albedo becomes insig
is assumed to be 0.25|for white painton aluminum. (See AIR1168/12 for additional values.) By subs
numerical values into Eq. 3A-44\it'can be seen that

4
(T, —T,) = —0.25% +U(T,, —T,) +0.173e, (%) —58.52e,,

(3A-45)

The equilibrium skin temperature can be determined from Eq. 3A-45 in conjunction with the methods outlined in Par. 3.1.2
by an iterative procedure. Such a procedure is as follows:

1. Compute the overall wall conductance, U.

2. Determine the emissivity, ew, of the skin and select the desired cabin temperature, T..

3. Assume a wall temperature, T.

4. Solve Eq. 3A-45 for the convective heat transfer rate, ho(T, — Tw).
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5. For the known flight conditions and the assumed wall temperature, compute, using the methods described in
Pars. 3.1.2 and 3.1.2.1, the convective heat transfer rate from Eq. 3A-3.

6. If the skin temperature assumed in step 3 is correct, the convective heat transfer rate computed in steps 4 and 5 will
be equal. If not, assume a new skin temperature and repeat the process.

4.3 Skin Temperature at Ground Static Conditions
For ground static conditions, the heat balance at the skin is identical to that determined by using Eq. 3A-44, but some of the
numerical quantities used to establish Eq. 3A-45 are different for the sea level case. The solar irradiation intensity at sea

level can be taken as 360 Btu/hr-ft2, and the effective temperature of outer space is assumed to be 410°R.

Note: Typical values of the effective temperature of outer space (also known as Tsky) and ground temperature are assumed.
There are many derivations of these temperatures available on line that may be available for specific applications.

Albedo is given as aG
fuselage view factor of

Substitution of the nun

s(rf)(Fv-skiniisoit). rf is the soil reflectance and assuming light concrete ground
the reflective ground is assumed to be 0.5 for a view factor between a cylindg

nerical values used to establish Eq. 3A-45 with the above changes gives:

is 0.8. Fuv-skinisoil is the
er and a plane.

4

ho(Ty = T, ) = —0.25 > — 025[~360 x 0.8 X 0.5] + U(T,, — T.) + 0.173, (1%) — 82.96¢, (3A-46)

Solving Eq. 3A-46 for [ gives:

4
T, = Toho+(90/7)+36+UT, n 82.96e,,—0.173e,(T,,/100) (3A-47)
U+h, U-+h,
Eq. 3A-47 can be written as
4

Tw=B-CT, (3A-48)

where
B = Tsh,+ (90/m) + 36 + UT, + 82.96¢,, °R

U+h,

_0.173x10%, 0R3

C b
U+h,

Values of T, for varioys values of B and C are given in Fig. 3A-9.
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Figure 3A-9 - Average Equilibrium Skin Temperature at Ground_Static Conditions

5. COOLING LOADS
Solar radiation is trans

surfaces does not pas
solar radiant heat tran

qs = TGSI

where A, = Projec
Often a window or can|

materials and sometin
the transmissivities of

q, = (1,7,
6. HEATING AND C

6.1 Sensible and L4

DUE TO RADIATION THROUGH TRANSPARENT AREAS

mitted directly through transparent areas to the cabirintérior. The reradiated ¢

nergy from the interior

S through the transparent areas because they are.nearly opaque to these longer wavelengths. The

smitted through transparent areas is

1

p
ed area of transparent surface normal to sun’s rays, ft?
opy is constructed of several layers of material in series. Sometimes these lay

es there is an air space between the layers. In any case, the overall transmis
the individual layers:

- 1,)G A,

DOLING LOADS DUE TO INTERNAL SOURCES

tent Heat Emission by Occupants

In densely occupied afeas, such as the cabin of transports, the heat produced by the occupants can

(3A-49)

ers consist of different
sivity is the product of

(3A-50)

be a substantial factor

in the total cooling load. Fig. 3A-10 shows the sensible heat production of human beings at various activity levels versus
dry bulb temperature, and Fig. 3A-11 shows the latent heat production for the same conditions. The total heat production is
the sum of the two. The latent heat emission is in the form of evaporated moisture (perspiration) and has no effect on the
dry bulb temperature of the space.
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Figure 3A-11 - Evaporative Heat and Moisture Loss from The Human Body in Relation to Dry Bulb Temperature
for Still Air Conditions. (Ref. ASHRAE Guide)

Fig. 3A-10 shows:

1. Curve A, persons working, metabolic rate 1310 Btu/hr.

2. Curve B, persons working, metabolic rate 850 Btu/hr.

3. Curve C, persons working, metabolic rate 660 Btu/hr.

4. Curve D, persons seated at rest, metabolic rate 400 Btu/hr.
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Fig. 3A-11 shows:

1. Curve A, persons working, metabolic rate 1310 Btu/hr.

2. Curve B, persons working, metabolic rate 850 Btu/hr.

3. Curve C, persons working, metabolic rate 660 Btu/hr.

4. Curve D, persons seated at rest, metabolic rate 400 Btu/hr.

6.2 Electrical Load

The wattage rating of electrical equipment installed in modem aircraft is large. A conservative, but not unrealistic, estimate
of the cooling load introduced by the electrical equipment can be obtained by assuming that the electrical equipment

converts all of its energy-to-heat and-thatallof the-heatisreleasedtothecabin—

q, = 3.415

where ge = Electri

E = Power

Usually all or a portion
can operate in an am
compartment isolated
overboard, the contrib
to completely absorb t

where W = Amour

The contribution of the
equipment compartme
must be supplementg
compartment.

7. PRACTICAL CON

An exact analysis of 2
impractical to handle g

E

al load, Btu/hr

nput to electrical equipment, watts

bient atmosphere warmer than the cabin. If it is possible to enclose the elg
from the cabin and to pass a portion of the cabin.air through this compartme
Ltion of the electrical load to the cabin cooling load’can be reduced. The amou
he electrical load is

Qe
-T.)

max c

t of cabin air required to coal.glectrical equipment, Ib/hr

electrical equipment to the cabin cooling load in this case is the transmissior]
nt walls to the cabin.jIf\the amount of cabin air required by Eq. 3A-52 is not
d by additional air~or the cabin air must be cooled before passing it th

SIDERATIONS IN THE DETERMINATION OF OVERALL HEATING AND CQ

ircraft{cooling and heating loads would result in equations and methods of
xcept by large digital and analog computers. The prediction of skin temperatu

(3A-51)

of the cabin air is exhausted overboard at cabin tempgrature. Also, the electiical equipment usually

ctrical equipment in a
nt before exhausting it
nt of cabin air required

(3A-52)

heat gain through the
Available, the cabin air
rough the equipment

OLING LOADS

solution that would be
re alone has been the

AMealnanore-an

subject of dozens of te

ah A b ma amptar nracramae
ormcarpapcrsanta Puooluly uy as IIICAIIy UUIIIPULUI PrograntsT

The temperature distribution in the structure as a result of aerodynamic heating is more complicated than the methods of
predicting skin temperature. Usually, in high performance aircraft and missiles, the cooling problem is transient and never
reaches a true steady-state condition. Therefore, it must be recognized that the methods presented here have been
simplified considerably to reduce the problem to one that can be handled by a hand calculator. This is not to suggest that
the methods presented here are of limited value or that a computer must be used to obtain acceptable results.

For subsonic and low supersonic applications, the methods presented here usually are adequate. For missile or high
supersonic applications, the methods presented can serve as a preliminary or “first approximation” to the final answer.
Usually some preliminary design calculations must be made to estimate system weight and envelope before the design

becomes firm enough

to conduct a more exact analysis.
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7.1 Conditions that Establish Heating and Cooling Loads
Since aircraft operate over a wide range of altitudes, speeds, and ambient conditions, it is necessary to compute the loads
for several conditions to establish a complete envelope. The usual procedure is to compute the loads for several altitudes
at the maximum and minimum speeds of the aircraft and at the maximum and minimum temperatures expected.
7.1.1  Maximum Flight Condition Requiring Heating
The maximum flight condition requiring heating may be defined as follows:

1. Minimum airplane speed.

2. Cold day.

3. Minimum electrical-Hoad-

4. Zero solar load.
5. Minimum crew @nd passenger load.
6. Minimum tempgratures in adjoining compartments.
7. Maximum passg¢nger compartment temperature required for the condition’ under consideration.
7.1.2  Maximum Flight Condition Requiring Cooling
The maximum flight cqndition requiring cooling can be defined as follows:
1. Maximum airplgne speed.
2. Hot day.
3. Maximum electtlical load.
4. Maximum passe¢nger and crew load.
5. Maximum solar|load.
6. Maximum temperature in adjoining compartments.
7. Minimum passenger campartment temperature required at the condition under consideration.

7.2 Example of Cooling and Heating Load Calculation

7.2.1  Flight Compartment Details

The flight deck of a hypothetical aircraft to be air conditioned is shown in Fig. 3A-12. The flight compartment is located in
the forward section of the upper fuselage and accommodates a total of 12 persons. The fuselage construction in the area
of the flight compartment consists of a skin with frames located approximately every 18 in. in station planes. The floor beams
run laterally across the fuselage, attaching to the frames. The nominal insulation thickness is 5 in. on the fuselage walls and
3 in. under the floor and attached to the aft bulkhead.

Typical construction details are shown in Figs. 3A-13 through 3A-18. The areas have been computed from detail drawings
not shown here for reasons of simplification and space limitations.
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Figure 3A-12 - Flight Compartment to be Air Conditioned
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Figure 3A-13 - Construction Details: between Fuselage Frames
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Figure 3A-14 - Construction Details: through Fuselage Frames
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Figure 3A-15 - Construction Déetails: between Floor Beams
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Figure:3A-16 - Construction Details: through Floor Beams
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Figure 3A-17 - Construction Details: through Pressure Bulkhead
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Figure 3A-18 - Construction and Thermal Details: Windshield

Flight and Ambient Conditions

The loads will be computed at the sea level static condition and at the 20,000 ft flight condition (see Table 3A-1). In a
complete analysis, the loads would be computed at several altitudes as noted in Par. 7.1.
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7.2.3 Determination of Overall Heat Transfer Coefficients

The values of conductivity, emissivity, and other physical properties used to compute overall values of heat transfer
coefficients may be obtained from AIR1168/9. However, when the loads were computed, that AIR was not available, so
values were obtained from various sources and may not agree with values included in AIR 1168/9.

7.2.3.1 Between Fuselage Frames

This construction is detailed in Fig. 3A-13. The 5 in. blanket is compressed to a maximum of 3.5 in. with an average of 3.25

in. (0.271 ft), considering the stiffeners. The inside coefficient, h;, is computed from Eq. 3A-25 at an assumed inside velocity
of 3.3 ft/sec:

h; = 2.0 +0.314V, = 3.04Btu/hr-ft>-F

The resistance to heat[flow of the metal cabin liner and outer skin in flight can be neglected in comparison with the resistance
of the film and insulatipn. The overall conductance may be computed from Eq. 3A-24:

Table 3A-1 - Load Values at Sea Level and 20,000 Ft

Case Condition Altitude To, °R Mach T °R Tw,°R
Ft (1) No. (2) (2)

A Heating 20,000 407.7 0.28 412.4 412.4
B Heating 0 400 0 (3)

C Cooling 20,000 488.3 089 558.5 558.5

D Cooling 0 560 0 580.0

NOTES:

1. T, = Ambient static temperature, assumed to be Standard less 40°F for heating and Standarg plus 40°F for cooling
except sea leve] heating, which is -60°F.

2. T, = Recovery tgmperature = Ty = skin temperature computed from Eq. 3A-43 with r = 0.90.
3. For sea level hgating conditions, skin temperature is not required (Par. 3.2.1.1).

4. Skin temperature for ground static ¢ooling computed by methods of Par. 4.3. (See Par. 7.2.6.
5. k assumed to lbe .0185 typical of a glass fiber insulation. Specification sheet of insulation [to be used should be

consulted. Note|that “k” will vary with density, so that compressed insulation will have a different value than the same
insulation that i$ not compressed.

U= 1
(x1k)+(1/h;)

_ 1
(0.271/0.0185) + (1/3.04)

= 0.067Btu/hr-ft>-°F

7.2.3.2 Through Fuselage Frames

Details are shown in Fig. 3A-14. The insulation is compressed to 3/16 in. (0.0156 ft) over the frame. The frame is assumed
to be at the skin temperature Ty,

1
U=
(0.0156/0.0185) + (1/3.04)

= 0.853Btu/hr-ft?-°F
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7.2.3.3 Between Floor Beams

Fig. 3A-15 represents

details of this construction.

(3A-53)

Since there is a dead air space between the floor and the cargo compartment ceiling, the conductance is a function of the

surface temperature of the air space and may be computed by the methods described in Par. 3.2.3.

For the 20,000 ft heating case (case A) the cabin is maintained at 70°F and the cargo compartment at 45°F. Assume

h. +h, =0.32 . Then

1

Uok = 0.25 1 1
+ + +
3.04 0.0183 0.32 3.04
= 0.05[5Btu/hr-ft?-°F
Uy = (1725 = 3.04 Btu/hr-ft2- °F , ignoring floor resistance
ll
1
Uka = 1], 025
.04 0.0183

.0717Btu/hr -ft>-°F

(ignoring frame fin effdct which is accounted for in Par. 7:2.3.4).

The surface temperatd

y
T2 :TC—Z

=530 -

=529.5

res may be computed from-Egs. 3A-28 and 3A-29.

(Te = T)
c2

00575 530 <505)
3.04

R
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T3 =T, +ﬂ(7—c -Ty)
Uks
0.0575
0.0717
=525°R
T,, =527.25°R
AT =(T,-T;)=4.5R

p =.0765Ib/At> (for cabin air density, a sea level cabin is assumed here)

= 505 + (530 —505)

3,2
X AT
N, - XP°GBAT
M
(0.5 O)Q\U.U705\)7\OL.L\)(L\(“L:S)
_ | 527.25)
(12.2x1079)?
=2,141,000
h. x . : :
ch = 8.7|(for horizontal air spaces; from Fig. 3A-4)
,  (0.0147)8.7)
h; =

083
=0.219Btu/ hr-ft>-° F

The radiation coefficiept, h,, is obtained from Fig. 3A-5 as a fungtion of the surface temperatures and FaFe:

Fh,’: =1 fprT, =529.5°Rand T; = 525°R

a e
For this case, F=1, ¢2=0.10, e3 = 0.8, and

F, = 1
(1/ey)+(1/e3)-1

B 1

~ (1/0.10)+(1/0.8) -1

=0.098

— Ve AYAAY/aWAToToAY
Then hl’ —(1)FaFe =TT I07

= 0.098Btu/ hr-ft>-F

h. +h, =0.219 + 0.098
=0.3165Btu/ hrft?>-°F

This is close enough to the assumed value of 0.32; therefore, the overall conductance is

U, = 0.0575Btu/hr-ft% -°F
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For the 20,000 ft cooling case (case C), the cabin is maintained at 70°F and the cargo compartment is assumed to be at
the skin temperature of 98.5°F. The difference in cabin and cargo compartment temperature is 28.5°F for this case,
compared with 25°F for the heating case. Therefore the values of h, h, and the overall conductance are the same for

each case. For the sea level heating case (case B), the cabin is maintained at 70°F and the cargo compartment is assumed
to be at the outside ambient temperature of -60°F. Computations for this case show that

h +h =0.474 Btu/hr-ft>-F
and U, =0.061 Btu/hr-ft?-"F

Note that an increase of ( h + h, ) of 48% results in an increase of Uk of only 6%. Therefore, the larger value of U = 0.061
will be used in all calculations.

7.2.3.4 Through the Floor Beams

For construction detail
to the outer skin and a
the cargo compartmen

In the following analys

b, see Fig. 3A-16. Heat transfer through the floor beams is complex, since the'b
re therefore at approximately skin temperature. Heat is transferred thraugh the
t and the cabin.

s, the beam extends to the centerline of the airplane and is considered as a fj

temperature. Weighted averages are used to determine the equivalent temperatureg.at which heat tr;

conductance of the fin
Table 3A-2 shows the
In addition to values o

(1) Cabin tempera

surface, and the per centage of heat transferred from the, cabin.
average temperature and heat transfer coefficients to’use in the fin equation.

Table 3A-2, other considerations are

fure t. = 70°F, or T.= 530°R (case A)

(2) Cargo compartment temperature t = 45°F, or Tx= 505°R

(3) Skin temperaty

The weighted average

_ UA |

re t,=-47.6°F

temperature ferand the conductance her to use in the fin equation are

| 1018

pam ends are attached
beam ends to or from

n with one end at skin
hnsfer takes place, the

tg=—7F =54.6°F
T UA | 18.69
ot _UALL 1018 G miuinrfeF
At | 5139
Table 3A-2 - Values for Temperature and Heat Transfer Coefficient
Area (1) U t(4) UAt UA At
ft2 °F
Beam Top 0.468 3.04 70 100 1.42 32.8
Beam Bottom 0.468 0.86 (2) 45 18 0.40 21.1
Beam Sides 8.430 2.00 (3) 53.3 (5) 900 16.87 460
Total 1018 18.69 513.9
NOTES:

(1) Areas obtained from detail drawings.

(2)u

1 =0.86Btu/hrft>="F

(1/3.04)+(0.0104/0.012)
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(3) h=2.0+0.314V, = 2.0 (Eq. 3A-25 at zero velocity).

(4) Temperature to which heat transfer takes place.

(5) Initially assumed and checked during analysis.

From Eq. 3A-41 (modified), the total heat transfer from the beam end is

aq: = Chefanf(tw - teff)
where
tanh m fL
N, = .
o T
and

h+C
KA

o

Substituting the follow
C = Perimeter of fi
L = Projection of fi

A = Conduction cr

:|1/2

ng information obtained from detail drawings:
h, ft =2.16
h into cabin, ft =4.5

bss-sectional area, ft2 = 0.00812

Using k = 70 Btu-ft/hr-jt2-°F,
meL =(2.7p)(4.5)=12.52
Ny = tanip12.52 _ 1 00798
12.52 12.52
q; = (2.1B)(2)(4.5)(0.0798)(f,) > tof )
=1.5§(t, —t)

To check the initial ass
space to the beam ca
and the air space. Ass
value of the sides of th

me initially from the cabin, since the insulation limits heat transfer between t
bume ‘also that the ratio of heat flow from the air space to the total heat flow
e/beam to the total UAt value (see values in Table 3A-2).

umption 6f'63.3°F for the temperature of the airspace, assume that the heat transferred from the air

e cargo compartment
is the ratio of the UAt

900

bas _ 727

g, 1018

=0.884

q, =(0.884)(1.55)(-47.6-54.6)
q, =—142 Btu/hrbeamend

Since this heat must first pass through the floor to the air space, the required air space temperature to transfer the heat may
be computed. The area between the beams is 6.75 ft2.
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1

floor

(1/3.04)+(1/2)

=1.204 Btu/ hrft>F
UA=(1.204)(6.75)=8.15
qas = UA(tC _tas)

£=52.6°F

ort, =70—
’ 8.15

which is close enough to the assumed temperature of 53.3 °F.

The total heat flow from the cabin, including that through the top of the beam, may be determined from the UA¢ ratio:

e _ 1000
q, 1014
Gop = (0.9¢

=-151%
Since there are 44 be{
Total gy, =

A similar analysis for g

3)(1.55)(-47.6 — 54.6)
.3 Btu/hr-beamend

m ends, the total heat flow from the cabin is

44(-157.3) =-6922 Btu/hr

Table 3A-3 - Results of Analysis

Il design points considered in this example problem gives the results summarjzed in Table 3A-3.

Case Condition Altitude, q,
ft Btu/hr
A Heating 20,000 —6922
B Heating 0 7709
C Cooling 20,000 1633
D Cogling 0 2838

7.2.3.5 Through the

For the bulkhead show

Pressure Bulkhead

n in Fig. 3A-17, the following equation is used:

1

U=
(1/h;) 1

- (x 1 k)=(1/h;)
1

1

=0.07Btu/hr-ft’>-°F

025 1

3.04

7.2.3.6  Through the

0.0183  3.04

Windshield

Fig. 3A-18 gives the data applicable to the windshield computation:

1

(17h;)+

Z(x/k)

1

1

0.0729 . 0.0673

+
3.04

0.61 0.12

=0.99 Btu/hr-ft>-°F
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7.2.4 Solar Heat Transmission Through the Windshield

The solar heat transmission is included only in the cooling load calculations. It is assumed that a maximum of one-half the
glass area is normal to the sun’s rays at one time. Overall solar transmissivity values for the windshield are shown in

Fig. 3A-18. The heat g

ain may be computed from Eq. 3A-50.

At20,0001t, g5 = (11)(t2)(13)GsA,

= (0.9)(0.81)(0.9)(430)(15)
=4240Btu/ hr

At sea level, g, = (0.9)(0.31)(0.9)(360)(15)

=3550 Btushr

7.2.5 Internal Heat §

7.2.5.1 Passengerl
The sensible heat gen
from Figs. 3A-10 and
compartment, and for
Table 3A-4.

bources
oad
eration of the passengers is 300 Btu/hr-person, and the latent heat is 100 Btu

3A-11 for curve D. For the cooling load calculation, it is assumed that
the heating load calculation, it is assumed that 7 personstare present.

Table 3A-4 - Passenger Heat Generation

hr-person as obtained
2 persons are in the
Results are shown in

Condition Sensible Latent
Heat, Heat,
Btu/hr Btu/hr
Heating 2100
Cooling 3600 1200
7.2.5.2 Equipment load

Electrical equipment i

stalled in the cabin consumes 1700 watts of power (defined as E, watts) the

the cabin load. The remainder of the electrical equipment is installed in a separate rack with specia

computing the coolin
assumed that 50% of

q, =3.415
3.41
3.41

load, it is assumed-that 100% of the equipment is operating. In computing
he equipment is pperating.

E
5(1700) <5800 Btu/hr(Cooling)
5(1700/2) = 2900 Btu/hr(Heating)

t contribute directly to
cooling provisions. In
the heating load, it is

where ge = Heat Ic

7.2.6

-ad-due-to-electrical-equipment Biu/hr

Estimation of Skin Temperature for the Ground Static Cooling Case

The skin temperature for the ground static cooling case may be determined by the method shown in Par. 4.3. The weighted
average value of the fuselage heat transfer coefficient will be used to determine an average skin temperature (see

Table 3A-5).

89.7

U =
& 750

=0.119 Btu/hr-ft*-°F

For an assumed wind velocity, V,, of 5 mph (7.4 fps), compute h, from Eq. 3A-25:
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Table 3A-5 - Average Values of Heat Transfer Coefficient

u A

UA

Through Fuselage Frames (Par. 7.2.3.2)
Between Fuselage Frames (Par. 7.2.3.1)

0.853
0.067

50
700

Total 750

42.7
46.9
89.6

h,

(o]

20 + 0.314(7.4) = 4.3 Btu/hr-ft2-°F

From Fig. 3A-9, assuming ey = 0.1, T, = 530 °R, and T, = 500 °R,

g _ 560(4.

3)+(360/m)+0.119(530) + 82.96(0.1) _ 587°R

0.119+4.3

Cc- 0.173

-8
10°(0.1) _ 0.039x1079 °R"3

0.11

Substituting into Eq. 3
T, =580°F

7.2.7 Adjustment of
At sea level, with the &
it has a significant effe

the U value for heat fld

Assume a 15 mph (22

9+4.3

\-48:

R ort,, =120°F

Overall Heat Transfer Coefficients to Account for Outside Film Coefficient
ircraft at zero velocity, and a wind present, the outside film coefficient must b
Ct on heat transfer. The method of accounting for'this additional resistance is d
w through fuselage frames computed in Par"7-2.3.2.
fps) velocity and compute h, from Eq¢3A-25:

0+ 0.314(22)

9Btu/hr-ft? -°F
1
IU,e)+ (1 hy)
1

The remaining heat tre

/0.853) + (1/8.9)
778 Btu/hr-ft>-°F

nsferCoefficients are adjusted in the same way.

e considered because
emonstrated below for

7.2.8 Summary of L

=l
UdusS

Since several of the heat flow paths transfer heat across the same AT, the UA values may be added, as shown in Table 3A-6.
The load for the 20,000 foot heating case is shown in Table 3A-7. A similar computation for the other three cases gives total

loads as summarized in Table 3A-8.
Table 3A-6 - Summation of UA Values
Description U A UA AT
Between Fuselage Frames 0.067 700 46.9 Tw—Te
Through Fuselage Frames 0.853 50 42.7 Tw—Te
Through the Pressure Bulkhead 0.07 100 7.0 Tw—Te
Through the Windshield 0.99 30 29.7 Tw—Te
Total 126.3 Tw—T¢

For the ground static heating case, this total is 109 because of the added resistance of the outer film. Also for this
case, the AT = (T, — T;), where T, is ambient temperature.


https://saenorm.com/api/?name=f60fed3982a701fb8ce2e22c2fc26cab

SAE INTERNATIONAL AIR1168™/3B Page 38 of 117

Table 3A-7 - Heating Load at 20,000 Ft

UA AT q
Btu/hr-°F °F Btu/hr

Transmission Loads
(1) Fuselage, Pressure

Bulkhead, Windshield 126.3 -117.6 -14,847
(2) Between Floor Beams 12.2 -25 - 305
(3) Through Floor Beams - 6922
Solar Load
Passenger Load 2,100
Equipment Load 2,900

Total -17,074
YTw—T;) = 412.4 — 530 = —117.6°F

Thable 3A-8 - Heating and Cooling Loads at Sea Level and 20,000 Ft Altitude

Case Condition Altitude, q,
ft Btu/hr
A Heating 20,000 ~17,074
B Heating 0 -19,784
C Cooling 20,000 20,417
D Cooling 0 21,653

8. EXAMPLE OF SK|N TEMPERATURE COMPUTATION AT HIGH MACH NUMBER
The method shown in Par. 4.2 is used to determine the skin temperature of an aircraft at the following flight condition:
1. Altitude = 70,000 ft

2. Ambient tempernature, T, = 390°R

w

. Ambient pressufe, P, = 92.63 Ibf/ft2

N

. Mach number, M = 7, dimensionless

5. Overall wall conductance, U = 0.10'Btu/hr-ft2-°F

»

. Emissivity of oufer skin, es=0.80, dimensionless

7. Cabin temperature, Fe="530°R

8. Distance from okigin of boundary layer x = 10 ft

As a first approximation, assume that free stream conditions exist at the edge of the boundary layer. For a more accurate
analysis, these latter conditions should be based on values calculated by considering the properties of the flow field behind
the body shock wave system. Assume the skin temperature T, = 1970°R. Then, from Eq. 3A-45,
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430 T, \*
hy(T, —T,) = —0.25 —— + U(T, —T,) + 0.173e, (m) 5852,
Vs

430
= ~025— +0.10(1970 - 530) + 0.173(0.8)(19.7)* - 58.52(0.8)

=-34.2 + 144 +20,800 - 46.8

= 20,863 Btu/hr - ft2

Note that only the third term at the right side of the preceding equation is significant, and thus is usually the only term
computed.

By the method shown |n Par. 3.1.2.1, compute the convective heat flux to be compared with that.cémputed from Eq. 3A-45:

T*=05(T,|+T,)+ 0.22(%1]/\/1%;

= 0.5(1970 + 390) + 0.22(0.2)(7)?(390)(0.9) (3A-54)
-1935°R

92)63 3
=——F4—— =0.000898 Ib/ft

53.3(]1935) (3A-55)

V, =cM =W49,/T,M (wherec = 49T ingeneral)

= 49,/390(7) = 6780 ft/sec

. V_ p[ x
Np, =251 2

e

_ (67§0)(0.000898)(10)
0.0000292
= 2,085,000

(3A-56)

f* 0.0296

« {02
(NRe
0.b298

=IO

=— =" -0.00162
(2,085,000)%2

(3A-57)

P Vet (F12)
p, = £ Yo 12) (3500)
(N3)
_ (0.000898)(6780)(0.251)(0.00162)(3600) (30-58)
(071 5)0.667

=11.18Btu/hr-ft>-°F
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T =T, {1 + r(y—"g/\/ﬂ}
2
= 390[1+ (0.9)(0.2)(7)?] (3A-59)
= 3830°R
qc = hoA(Tr - Tw)
=11.18(1)(3830 —1970) (for A =1ft?) (3A-60)

= 20,800Btu/ hr-ft?

Since the convective heat flux computed from Eq. 3A-60 is equal to that computed from Eq. 3A-45, the assumed skin
temperature of 1970°R is correct. If the heat flux values were not equal, it would be necessary to assume a different skin

temperature and recal
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SECTION 3B - REFRIGERATION SYSTEM DESIGN
1. INTRODUCTION
1.1 Scope

The maijor air conditioning task for missiles and aircraft is solving the various cooling problems that arise from high speed
flight; that is, the dissipation of heat that is generated within and external to the aircraft or missile. Of almost equal importance
in most applications is the availability of ground cooling. Heat must be transferred from the heat sources to a heat sink,
outside or within the aircraft. Since in most cases some type of heat pump is necessary, the mechanical energy into the
pump that is converted into heat must also be dissipated into the heat sink.

It must be kept in mind that each aircraft or missile air conditioning application requires a system designed especially for
the cooling loads and temperature levels peculiar to that aircraft or missile, and its mission.

1.1.1  Heat Sources
Heat sources may be grouped into two categories:

1. External Heat Sources - From aerodynamic heating and heat received through.solar radiation, even though a major
portion of this heat is prevented from being transfered into the aircraft interior by the use of thermal insulation.

2. Internal Heat Sgurces - From heat generated within the aircraft by electfonic, electrical, and mechanical equipment,
and people.

1.2 Nomenclature

COP = Coeffigient of performance, dimensionless

¢, = Speciflc heat capacity, constant pressure, Btu/lb-°F
E = Electrgmotive force, volts (V)

g = Gravit@tional acceleration, ft/sec?

gc = Gravitational constant, 32.2.bft/Ibf-sec?

Ah = Differeince in enthalpy between 2 points, Btu/lb
hstag = Speciflc enthalpy-at stagnation temperature, Btu/lb

hstat = Specific enthalpy at static temperature, Btu/lb

/ = Current,_amperes (A)
J = Mechanical equivalent of heat, 778 ft-Ibf/Btu
k = Specific heat ratio, C,/C,, dimensionless

Mo = Mach number, dimensionless
P = Power, watts (W)
p = Pressure, Ibf/in.2

Q = Heatenergy, Btu
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q = Rate of heat transfer, Btu/min

R = Universal gas constant, ft-Ibf/Ib-°R

T = Temperature, °R
t = Temperature, °F
At = Temperature difference, °F

V = Velocity, ft/sec

W = Work, ft-Ibf

w = Mass flowratetbinin
ne = Compiessor efficiency, dimensionless
nt = Turbing efficiency, dimensionless
nx = Heat gxchanger effectiveness, dimensionless
Nsep = Water [separator efficiency, dimensionless
T = time, min
Subscript

a = air
f = fluid

1.3 Common Abbreyiations
A — Amperes
AC — Alternating current

Aircraft Eng.
approx

ASME

— Aircraft Emngineering

— Approximately

-£-American Society of Mechanical Engineers

Btu

cab

cfm, ft3/min
comp.
cond

COP

DC

— British thermal unit

— Cabin

— Cubic feet per minute

— Compressor

— Condenser

— Coefficient of performance

— Direct Current
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eff

el motor
emf

Eq.

evap

°F
Fig.(Figs.)
fpm, ft/min
fps, ft/sec
ft

ft3/min

HE

hp

hr

Ibf

Ibf/in.2

min

min

mm

mph, miles/hr
NACA

no.

%
Par.(Pars.)
Press.

psi

psia

— Efficiency

— Electric motor

— Electromotive force
— Equation

— Evaporator

— Degrees Fahrenheit

— Figure(s)

Eoat narminute
—88t+peHHte

— Feet per second

— Feet

— Cubic feet per minute
— Heat exchanger

— Horsepower

— Hour

— Inch

— Pound mass

— Pound force

— Pounds force per square inch
— Minute

— Minimum

— Millimeter

— Miles per hour.

— National Advisory Committee for Aeronautics

— Number

— Percent

— Paragraph(s)

— Pressure

— Pounds force per square inch

— Pounds force per square inch absolute
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psig — Pounds force per square inch gage
R — Electrical resistance
°R — Degrees Rankine
Ref. — Reference
Refrig. — Refrigerant
sat — Saturated
sec — Second
sep —Separater
std. — Standard
temp. — Temperature
turb — Turbine
\Y, — Volts
w — Watts
v — Micron (107% meter)
A — Difference
Q — Ohms
1.4  Definitions of Available Heat Sinks
Available heat sinks fgr an aircraft or missile are:
Outside (Ambient) Air | This may be either ram air or bleed air from main engines. Any air taken abloard for use as a heat
sink is at the stagnatiop (total) temperature. A plot of air heat sink temperatures versus Mach numbef is shown in Fig. 3B-1.

An expansion turbine

ay be used.fo-expand, and thus decrease, the temperature of ram air taken gboard (see Fig. 3B-1),

however ram air expansion turbines are large and heavy. The necessity of rejecting heat at high [temperature levels as

aircraft speeds increage requires-a more complex heat pump configuration.

Fuel - Utilization of thg sensible heat or the latent heat of vaporization of fuel produces a low system penalty, since fuel is

carried onboard for p

However, appreciable

problems are associated with the use of fuel as a heat sink. Some of these are:

1.

2.

Fuel flow management and priority control of engines may not correspond with air conditioning requirements.
Fuel temperature limits of 250-300 °F are imposed to prevent fuel “‘gumming.”

Use of the fuel sink for other purposes, such as engine oil cooling, may preclude its use for air conditioning.

. Coordination with the engine manufacturer will be necessary during the engine design stage at a time when specific

cooling applications for the aircraft may not be known.

Fuel tanks must be insulated for high speed flights.
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Figure 3B-1 - Outsid¢ Air Heat Sink versus Mach Number, -== Stagnation conditions (total temperature). — Ram air

Expendable Cooling M
discharged overboard
coolants: water (best
advantages are low dr

Heat Capacity of Airc
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2. AIRCYCLE SYST

2.1 Basic Considera

EMS

tions and Cycle Components

There are two main types of cooling systems in use today that can be used individually or combined.

1. The air cycle system, which is based on the reduction of heat by the transformation of heat energy into work.

2. The vapor cycle system in which the heat of vaporization is lost by evaporating a liquid refrigerant.

Basically, the air cycle cooling system is supplied with air from an engine-driven compressor or from air bled from the main
engine compressor. The air is expanded through an air turbine that drives a compressor or fan, thus converting heat energy

into useful work.
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For low speed flight, integrated cooling and pressurization requirements for cabin cooling can be met advantageously by air
cycle systems. As a result, most propeller driven and many jet transports use air cycle systems for cooling and
pressurization. In spite of generally high power requirements, air cycle equipment is used for cooling to take advantage of
the source of pneumatic power from the cabin pressurization compressor. It is essential to employ the minimum air pressure
ratio across the cooling turbine, consistent with the needs of cooling and pressurizing, in order to keep the horsepower
absorbed by the engine-driven compressor at a minimum.

When engine bleed air is available from the main powerplant, air cycle refrigeration (with or without a supplemental water
boiler) is often used because of the simplicity and the inherent compactness of air cycle equipment.

During high speed flight at high altitudes, maximum cooling requirements are coincident with maximum pressurization
requirements. In addition, because of the high cooling loads, a cooling system having as high an efficiency as possible is
required to minimize power consumption, making available a region of operation for other systems such as the vapor cycle
system.

For any application inyolving a high heat load, the amount of air flow required for cooling is considerable, requiring large
diameter ducts and a lprge ram air drag penalty. If bleed air from a jet engine is used, the high masg flow necessary would
result in high fuel penglties. For these reasons the air cycle system has its limitations.

Another limitation of fhe air cycle system is that frosting in the downstream air ducts can occur if the turbine outlet
temperature falls to thé freezing point.

Two types of air cycleg are possible:
1. Open Cycles 1 Those in which air is taken continuously from outside the airplane, processed through the cycle
components, and then, after absorption of heat, is discharged from the aircraft. The final [process where the air

reverts to its injtial static state often occurs after discharge to free-stream. Therefore the air isreplaced continuously.

2. Closed Cycles|- Those in which the air is recirculated through the components continuously] being reused much in
the same manper as a refrigerant is reused in vapor gycle refrigeration systems.

21.1 Carnot Cycle (Standard for Comparison)
The ideal Carnot thermmodynamic cycle may be compared with the basic air refrigeration cycles (Joule or reversed Brayton)
in which the isothermdl heating and cooling processes of the Carnot cycle are replaced by constant pressure processes.
The ideal reversed Carnot cycle is the standard used for comparison with actual air cycle refrigefation systems, and is
shown in Fig. 3B-2, where points are represented as

(1) 1-2 = Isothermal expansion;heat absorbed from heat source.

(2) 2-3 = Reversible adiabatic/compression; work into cycle.

(3) 3-4 = Isothermal compression; heat removed to heat sink.

(4) 4-1 = Reversible adiabatic expansion; work out.
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Qout
AT=0
T3-a

TEMPERATURE, ‘R

ENTROPY, S

Figure 3B-2 - Reversed Carnot Cycle

The heat equivalent offnet work done during a complete cycle 1S

Wnet = Qout - Qin
=(T3_4=Ti2)AS

Wet (3B-1)
2.2 Analysis of Basi¢ Air Cycle System

The basic air cycle sygtem (Joule or reversed Brayton cycle) consists of a source of pressurized air, p heat exchanger, and
a high speed turbine that drives a fan used to boost thedflow of coolant air through the heat exchanger. Three basic high
pressure air sources are illustrated in Figs. 3B-3(a);»3B-3(b), and 3B-3(c): ram air supply, bleed agir supply, and ram air
supply with pressurization compressor, respectively.

Adequate air pressurelis required to pressurize the cabin and ensure a pressure drop across the turbine sufficient to provide
the amount of cooling required. It is necessary to provide a power absorber for the turbine work, and this is accomplished
by augmenting the air|flow through the heat exchanger by a fan. This arrangement provides a degrge of cooling when the
aircraft is on the ground, although it is\neCessary for the engines to be operated. The arrangements|illustrated in Fig. 3B-3

are all open cycles.

In the temperature-entfopy diagram of Fig. 3B-3, components (assuming ideal conditions) are represented as follows (cabin
pressure is assumed tp be at free-stream static):

(1) 0-1: Ram sco P for-induction-of-outsideait (;DCI ItlU}J;b bUIIIpIGOO;UII pluucoo).

(2) 1-2: Heat exchanger for cooling incoming air (constant pressure cooling process). Heat sink coolant may be fuel,
expendable coolant or ram air.

(3) 2-3: Turbine for cooling air to a temperature sufficient to absorb heat input of cabin (isentropic expansion process).

(4) 3-0: Aircraft cabin, heat removal from source (constant pressure heating process). An aircraft cabin is shown in this
example, but any other heat source may replace the cabin; that is, electronic equipment, another heat exchanger,
or similar source.
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Figure 3B-3 - Basic Open Air Cycle System, (a) Ram air'supply; (b) Bleed air supply; (c) Ram air supply with
pressurization compressor

2.21  General Comments on Basic Air Cycle Systems
1. Cooling capacity is a direct function of the pressure ratio.

2. Cooling capacity above a maximum figure is little affected by an increase in the number of air{o-air heat exchangers
(for a given heat sink), since a maximum value of overall heat exchanger effectiveness is rgached that cannot be
exceeded.

3. When a large gmount of moisture is present in the air being cooled, moisture is condensed, and if the discharge
temperature from the’turbine is low enough, ice is formed. Condensed moisture in the air (fdgged air) may also be
introduced into [the ‘oeCupied areas of an aircraft. Thus, a moisture separator is usually required with an air cycle
system to remoye’enough moisture to prevent fogging.

4. No matter where condensation of ambient humidity occurs in the cycle, the heat liberated is practically constant.

5. When air is dry, higher component efficiencies are possible, improving cooling capacity. If appreciable amounts of
moisture exist, it is necessary to hold the turbine discharge temperatures above the freezing point, and maximum
advantage cannot be taken of component efficiencies.

6. If the power absorber for the turbine is not doing useful work and is used only to load the turbine, turbine work
ultimately becomes an additional internal heat source of the aircraft and thus ultimately decreases the overall
coefficient of performance (COP).

7. In an actual cycle, when component efficiencies and duct losses are taken into account, the coefficient of performance
falls off much faster with increasing Mach number when compared with the basic Joule cycle. For a given Mach
number, the COP is also much below what would be expected from the ideal Joule cycle.
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2.2.2 A Scheme for Utilization of Turbine Shaft Work
In Fig. 3B-4,
Flow ratio= Wa ~ 2.0
Wa (3B-2)
FREE STREAM gy lianGER q
/tlm iy A _— g?:&AM
a  RAM 1 NOZZLE
SCoorP i TURBINE
FUEL FUEL 1 SHAFT
ouT IN ! WORK
FREE STREAM |L N FREE
AIR "3 RAM > NOZZLE STREAM
SCOOP
Figure 3B-4 - Simple Air Cycle with Braking Compressor
2.2.3 Summary of Bquations
For Fig. 3B-3, equatiofs are as follows:
Work of compression
=Kinetic energy input
=w,C, (T, -Ty)t
_ WaV02 _ Wo_1 /T
Heat rejected to heat gink = g1-2
=w,C, (T4 —T3)
=Q5 0+ chcle It
J (3B-4)
Turbine work output
= Waork,ef isentropic expansion
=Wz, (T —T3)r
> W 3
J (3B-5)
Heat absorbed from cabin (or heat source)
= Wan(TO - TS)
=90 (3B-6)

Net cycle work Woq _Was
J J
_ chcle

J
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Coefficient of performance = COP

Heat extracted
- Cyclework
L R
chc/e T -T,
— TO )

T . M
T"(y21JM5 "

(3B-7)

where Ty = Freestream static temperature, °R
T1 = Ram total temperature, °R
A plot of COP versus M

23

2.31

Figure 3B-5 - Cdefficient of Performance of Ideal Reversed Joule Cycle (from ram tempe

ach number is shown in Fig. 3B-5. Note: duct pressure and temperature losses

6 T T

COEFFICIENT OF PERFORMANCE, COP
w
|

MACH NUMBER, M,

freestream To). COP =T, (T, —T,)=5/M}

Air Cycle Systems (©pen and Closed Circuits)

have been neglected.

rature level T to

Bootstrap Cooling Systems

The bootstrap system is based on a cold air unit incorporating a turbine-driven compressor, and is normally used in aircraft
where available air pressure levels are limited. Low pressure results in insufficient cooling when using the simple basic air
cycle.

By causing the turbine to drive a compressor, which further increases the pressure of the air supplied to the cooling turbine,
a higher pressure ratio is achieved with a correspondingly higher temperature drop across the turbine.

A simplified schematic is shown in Fig. 3B-6. Air from the engine-driven compressor, precooled by passing through a primary
heat exchanger, is compressed and then passed through another air-to-air heat exchanger (called the secondary heat
exchanger or the intercooler), and then enters the turbine where it is expanded to the required cabin pressure. Heat energy
is converted into shaft work in the turbine and is used for driving the bootstrap compressor.


https://saenorm.com/api/?name=f60fed3982a701fb8ce2e22c2fc26cab

SAE INTERNATIONAL AIR1168™/3B Page 51 of 117
gg?\%ﬁ BYPASS LINE
REEMPRESSOR T TR 5
Ams;;>0;'{>J Tt 0 CABIN

PRIMARY
HEAT
EXCHANGER|

RAM]
AIR |
INTERCOOLER |

BOOTSTRAP UNIT

RAM AIR

Figure 3B-6 - Bootstrap Cooling System

The primary and the secondary heat exchangers are cooled by ram air in this example, although fuel or other heat sinks
could also be used. Air-to-air heat exchangers for bootstrap applications are normally designed with an effectiveness of at
least 80%, thus requiring a coolant air flow approximately three times the cabin supply air flow. Bypass lines for temperature
control and heating are also shown in Fig. 3B-6.

Applications may also [be made to jet aircraft not fitted with engine-driven compressors, since very o
obtained from jet engine compressors operating at very high altitudes. This creates another area
cooling system applicgtions.

2311

Some characteristics 4

1.

2.

. The system is

General Co

Bootstrap systg

Bootstrap syst
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The efficiency ¢
or expendable
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Very little capa
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re as follows:
ms have been used extensively for passenger and crewycompartment and eg

bms improve the performance of the simple cycle system by using the ty
pression of the air upstream of the turbine.

apable of producing the required amount ofrefrigeration with reasonable effig
f the system is increased by the addition of the primary heat exchanger (precq
fluid heat sinks, and further improved by adding a regenerative heat excha
ity is available for ground cooling, since ram air is lacking for the heat exchang
uired for cooling.

ration, the bootstrap’system can provide rated cooling over a wide range of fl

tching and pressurization control are relatively easy.

air inthe secondary heat exchanger becomes inadequate at low supersonic
reforeyan auxiliary heat sink (fuel or expendable fluid) is required.

w bleed pressures are
for possible bootstrap

uipment cooling.

rbine output work for
iency.

oler), utilizing air, fuel,
nger in series with the

ers. Also, main engine

ght conditions.

peeds (approximately

Since moderate flows are usually passed through the turbine unit, the turbine wheel diam

eter and nozzle throat

areas are small and require high speed operation (approximately 60,000 to 100,000 rpm) in order to obtain the
requisite temperature and pressure ratios. The combination of small size and high speed magnifies losses with
corresponding low component efficiencies.


https://saenorm.com/api/?name=f60fed3982a701fb8ce2e22c2fc26cab

SAE INTERNATIONAL AIR1168™/3B

Page 52 of 117

2.3.1.2  Summary of Equations for Basic Bootstrap Systems
Equations for Fig. 3B-7 include the following:
Work of compression = Work of expansion

Thus Wcomp _ Wturbine

Jw.e, Jw,c,
To-Ti=T5-T4

Input energy of ram compression (per Ib)

2
:CV(E Tn)_ V

2Jg
W,
Net work of cycle —I¢- J =WaCpl(To —T3)—(Tp — Tyt

(3B-8)

(3B-9)

Since turbine work wa€y(T3 — T4) = Compressor work waCp(T2 — T4), the cycle net work:is equal to fam compression input

energy, or

P2

r 2
COOLING TO

HEAT SINK COMPRESSOR

/ WORK
1r ! )

TEMPERATURE, °R

ATMOSPHERE | ROM CABIN
snmc PRESSURE)
ENTROPY, S

RAMISCOOP

SECONDARY
HEAT HEAT SINK
EXCHANGER

A7)
2Jg.

Hoet 15 o0, (T~ T,) =

Heat absorbed from cabin

=4q4-0
= Wan(Tg —T4)

TURBINE | 250 RAM COMPRESSION
WOl / INPUT ENERGY

AP=0 HEAT ABSORPTION
o

] q4io
COMPRESSOR TURBINE
L%“ W waa;“ﬁ‘}— caBin ‘,O
ﬁ 3

AIR SUPPLY DISCHARGE
_ E- ] OVERBOARD

(RAM AIR, FUEL, ETC.)

(3B-10)

(3B-11)
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Heat rejected to heat sink

Wet I T
J
= Wan(TZ - T3)

=q4- 0t

= Wan(T1 -T4)
(3B-12)
Coefficient of performance (COP)
JQy

net

T,-T,

COP =

_i[1_T_4j (3B-13)

since
o=
2
2
_ToMo ¢ y=1.4
5
A plot of COP versus Mach number is shown in Fig. 3B-8with T4/To as the parameter.

2.3.1.3  Effect of Connecting Duct Pressure Losses

The comparison of an|actual bootstrap system installation with the ideal adiabatic processes is shown in Fig. 3B-9. Note
that connecting duct Idsses have a major effect on the performance of the system. Temperature losges were neglected.

2.3.1.4  Some Bootstrap SystemMariations

Although many possiljle bootstrap system variations are possible, two of the more practical are illustrated in Fig. 3B-10.
These are:

1. Bootstrap System Utilizing Fuel as the Heat Sink - Because of possible contamination of air supply by the fuel and
because of space and location requirements, an intermediate coolant loop between the supply air and the fuel heat
sink may be required.

2. Bootstrap System with Precooler and Expendable Coolant Heat Sink - Expendable coolant could be eliminated by
substitution of an expanded ram air heat sink, which may be available as a by-product of an auxiliary drive turbine.
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Figure 3B-8 - Comparison of Ideal Bootstrap System with Ideal Simple-Air C

Figure 3B-9
2.3.2 Regenerative

For operation at Mach|
the bootstrap system f

1. Ram air for the

2. Increased ram 4

MACH NUMBER, Mg

—— ACTUAL PROCESS

-== ADIABATIC PROCESS/ /

(REVERSIBLE)
BOOTSTRAP

COMPRESSOR

INTERCOOLER
(SECONDARY HE)

ENGINE DRIVEN
COMPRESSOR

PRECOOLER |

TEMPERATURE

CONSTANT PRESSURE

LINES

ENTROPY, S
- Actual Bootstrap Cyclellustrating the Effect of Connecting Duct Pres}
Cycle Systems

numbers greaterthan 1, the following factors may eliminate the use of eithe
br a particularapplication:

heat exchangers causes a considerable drag penalty.

irtemperatures limits the use of ambient air as a heat sink.

ycle

sure Losses

r the simple system or

3. At high altitudes, very little air is available for cooling purposes.

The problems raised by high speed and high altitudes may be alleviated greatly by the use of regenerative air cycle systems.
This is illustrated in the simplified schematic, Fig. 3B-11, where air for pressurizing the cabin is bled from the jet engine
compressor or obtained directly from a ram scoop, and then passed through an air-to-air heat exchanger.
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Figure 3B-10 - Bootstrap System Variants, (a) Bootstrap system with precooler and utilizing fuel as the heat sink;
(b) System with precooler and expendable coolant heat sink
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Figure 3B-11 - Ideal [Regenerative Air Cycle System; complete utilization of energy in cabin exhaust air is shown

The air then passes thfough the turbine and into the cabin.-Instead of discharging the air directly overltboard, as is customary,
it is first passed through the heat exchanger to provide-the coolant air flow. The flow of cabin exhaust air is aided by either
a compressor or a fan |located downstream from thé heat exchanger in the cabin exhaust air circuit and driven by the turbine.

Further use is made of|the exhaust air by passing it through an exit nozzle to derive propulsive thrust{ An important principle
is to attempt to extrac{ all available energyfrom the exhaust air before finally rejecting it overboard.|This type of system is

particularly applicable o small military direraft.

2.3.2.1  General Coinments on Regenerative Systems

1. The heat balarlce between turbine and compressor permits very little cabin leakage. Any appreciable leakage from

the cabin causes armarked decrease in system performance.

2. The 1:1 flow ratio heat exchanger is bulky.

3. Component matching and pressure control are relatively complicated.

4. Regenerative systems produce colder turbine discharge temperatures than basic simple air cycle systems.
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2.3.2.2 Summary of Equations and Calculation Procedure for Regenerative System

In Fig. 3B-11, the following assumptions are made:

1.

2.

Ram recovery, turbine, and compressor efficiencies are constant.

Duct pressure losses are neglected (except for ram intake scoop).

. Duct heat losses are neglected.
. Cabin pressure is given.
. There is no cabin air leakage.

i e hat turhi d 11009/
. Mechanical effigierey-between-turbine-and-compressoris—100%-

7. Cabin cooling Ig
8. There is isentro
9. Dynamic pressy
The general equations

Net cycle wg

_wa (V5
gc\ 2
COP =]

Netc

Referring to Fig. 3B-11
(1) 0-1: Compress
a. State point

py = Fre

7
2

ad remains constant.
bic expansion in exit jet nozzle.
re in ducts is negligible (low air velocity).

are:

rk = Change in kinetic energy

Qs 4
ycle work

on in ram scoop
D:

estream-static pressure

T, = Frepstreant static pressure
Vo = /,0
JKkgRT,

b. State point 1"

T, yI(y=1)
Py =Po| 7=~

Vy =0

To

1+YT_1M§]

(3B-14)

(3B-15)

(3B-16)

(3B-17)
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c. State point 1:

p1 = (np1') where n = Inlet total pressure recovery

T =T,
V,=0

(2) 1-2: Cooling in
State Point 2:

P2 = P
V2:0

heat exchanger

(3) 2-3: Expansion through turbine

State point 3:

pg = GIV

4

T3 :Tz

1

where

Y = (f
Jo

V3 = O
(4) 3-4: Heat abso

State point 4:

Ps =P
Q34 =W
V4=O

bn (cabin pressure)

B Y
1y
(v-Nlvy
&J -1

3

rption (cabin or equipment being cooled)

3
an(T4 N T3 )

(5) 4-5: Heat abso

State point 5:

Ps = P4

rption in regenerative heat exchanger

Ts =T, +(T, - T)

Vs =0

(3B-18)

(3B-19)

(3B-20)

(3B-21)

(3B-22)
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(6) 5-6: Compressi

State point 6:

on through compressor

Y(y-1)
Ps _144 nc(i - 1]
Ps Ts

T6_T5 :TZ_TS
V6:0

(7) 6-7: Expansion

State point 7:

through nozzle

P7 = Po

T, :Ts(p—

V; = 2!

2.3.3  Open Circuit A

Equipment cooling (that is, electronic cooling) is conducted at a temperaturé.level higher than is poss
ling. Therefore it is usually possible to omit the precooling heat exchanger.

crew compartment coq
2.3.3.1  Reversed Fl

This system is shown
convection and (2) wa

gccp(T6 - T7)
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Figure 3B-12 - Reversed Flow Bootstrap Cycle
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2.3.3.2 Equipment Being Cooled by Simple Cycle System

In Fig. 3B-13, the precooling heat exchanger is optional and may be used during low speed operating regime.

2.3.4 Closed Air Cycle Refrigeration System

The closed circuit air cycle system illustrated in Fig. 3B-14 consists of two heat transfer components coupled with a turbine

and a compressor. The cycle is very similar to a vapor cycle system, with the expansion valve being replaced by the
expansion turbine, and the working fluid being air instead of a refrigerant that changes phase.

EQUIPMENT
BEING COOLED
SECONDARY
FLUID PUMP OR
HE FAN
(OPTIONAL)
N r=== /‘ [
AR - . —
scoop =i \i\éHAFT EXIT NOZZLE
WORK
AIR % =
SCOOP EXIT NOZZLE
Figure 3B-13 - Simple Cycle System
%ql-z
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WATER
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_ _ SHAFT WORK _ _ [
4 Wiurb Teomp
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___________ 3
S | ____HE___
€
HEAT SINK
FLUID IN out
3%3
'3 4 Teomp
gl —
p]
g P
5 Tturb / !
g 2
s
w
=
" —— ACTUAL CYCLE
~—— ADIABATIC
ENTROPY, S

Figure 3B-14 - Closed Air Cycle Refrigeration System

For Mach numbers greater than 1, the closed air cycle is more efficient than the open cycle. It also has advantages of a low
operating pressure ratio, ease of control, and an ability to eliminate moisture.

As shown in Par. 2.5, the coefficient of performance of the closed air cycle system for both crew and equipment cooling is
lower than for the vapor cycle.
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General Comments on Closed Air Cycle Systems

1. In closed air cycles, the matching between compressor and turbine is for equal pressure ratios rather than for equal
shaft power, as it is for the open cycle. Therefore, augmented power (that is, an electric motor) is required for a

closed cycle.

2. Inagiven system, cooling can be readily adjusted to requirements, with economy in power consumption, by varying
the turbine outlet pressure.

3. The use of an electric motor drive simplifies ground cooling.

2342

Refer to Fig. 3B-14:

Summary of Equations

Heat exchanger effect

Heat absorbed (cabin

Compressor work = W

Turbine work

Augmenting electrical

=WoCpl(T3 = T2) - (T4 - Th)lr

COP = T, Ty
. T-T
(T3-T5)-(T, - T4)
veness
=My
_ WaCp(T5—T4) (3B-26)
(WCp min (T3 = Ts)
br equipment)
~ -2 (3B-27)
=wWoCp(To —T7)
lcomp
= Wturb + Wel motor (38_28)
=wWuC,(T3 —Ty)r
=WaCp(Ty —TF)7 (3B-29)
work
= Wcomp - Wturb
(3B-30)

Note: Heat exchanger pressure drop, and duct pressure and temperature drops have been neglected in these computations.
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2.4 Combination Air Cycle and Expendable Coolant Systems

No new concepts are introduced by the use of an expendable coolant in any air cycle system. In the systems previously
described, any of the heat exchangers that utilize ram air or fuel as the heat sink may be replaced by the expendable coolant
heat sink. The use of an expendable coolant makes possible air cycle system operation independent of the flight
atmosphere. In general, stored coolants permit greater flexibility of component location, simpler installation configurations,

and lower drag penalties.

2.5 Comparison of Air Cycle Systems

2.51

General Rules for the Optimum Design of Air Cycle Refrigeration Systems

Before the various air cycle systems are compared, the following generalized rules are presented as a summary and guide
for general air cycle system design:

1.

252

When a turbing
components in

A compressor
same line or it
turbine.

is used in the cabin cooling air line, it should always be located downstream ¢
the line.

s of no utility for cooling purposes unless it is followed by both a heat'exchang
serves to increase the pressure ratio of a turbine in the heat sink line while 3

The use of a tyrbine in the heat sink line is theoretically more attractive_the higher the flight

the Mach num

In some systel

Der.

ns, performance benefits are obtained when expanded bleed air is used as a

size of the conpponents, which would result otherwise if expanded ram air were used.

The addition o
improved therr

The use of exf
lower tempera

Comparison o

f an evaporator or a regenerative heat exghanger to any basic air cycle syste
nodynamic performance. This advantage must be weighed against airplane p

endable cooling media in conjunetion with an air cycle system permits larger
ure levels.

f Various Air Cycle Systems

A comparison of the
systems are compareq:

hermodynamic performance of basic air cycle systems is presented in Fig

1. Self-contained rnegenerative.system (Fig. 3B-11).

2. Fuel heat sink hootstrap-system (refer to system a, Fig. 3B-10).

f all other heat transfer

er and a turbine in the
cting as a load for the

altitude and the higher

heat sink to reduce the

m will always result in

bnalty factors.

cooling capacities and

3B-15. The following

3. Simple cycle, fuelprecooler, and braking compressor (refer to Fig. 3B-4).
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SUPPLY TEMP. = 40°F
CABIN TEMP. RISE = 550F

(b) SEA LEVEL
Figure 3B-15} Comparison of Open Circuit Air Cycle Systems, (a) Tropopause region| (b) Sea level

In addition, the ideal Joule cycle, axclosed air cycle system, and a vapor cycle system are shown for comparison. The
significant feature to nepte is that allopen air cycle systems decrease in performance as the Mach number increases, and in
comparing the performance in\the tropopause region with the higher ambient temperature conditions at sea level, the
coefficient of performance also-decreases as the ambient temperature increases.

The following assumpfions were made:

1. Practical compressor and turbine efficiencies were taken into account.

2. System pressure drops and duct heat losses were neglected.

3. Initial compression was derived entirely from intake ram, corrected for shock and subsonic losses.

4. Leakage and pressurization control valve flow were neglected.
Further comparisons may be made, taking into account actual pressure losses in the ducting and heat exchangers. A
comparison of the performance of the regenerative open circuit air cycle system in the tropopause region may be made with

a regenerative system in which nominal heat exchanger and ducting pressure drops have been taken into account. As
shown in Fig. 3B-16, the effect on the coefficient of performance of nominal pressure losses is very pronounced.
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2.5.3 Comparison o
A comparison of the th
1. Reversed flow |
2. Simple air cycle
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Figure 3B-16 - Regenerative Air Cycle System Comparisons
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|
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MACH NUMBER, M

f Open Circuit Systems Utilized for Equipment Cooling
ermodynamic performance is presented in Fig. 3B-17. The following systems
ootstrap system (Par. 2.3.3.1).

with braking compressor (Par. 2.3.3.2).

are compared:
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Figure 3B-17 - Comp
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arison of Open Circuit System Utilized for Equipment Cooling. (a) Trop

For both (a) and (b), heat exchanger 1nx= 80% and equipment out-temperature

As previously stated,

Performance at altitud
more efficient use of tu
than the open circuit s

The performance of th

system performance for the open circuit cycles decreases rapidly with incr
b (tropopause.region) is better than at sea level because of the lower ambient
rbine shaftdverk is obtained from the reversed bootstrap cycle, its performang
mple cycle.

e open-air cycle systems presented in Fig. 3B-17 may be compared further w

circuit systems operati

ause; (b) Sea level.
140°F

easing Mach number.
temperatures. Since a
e is appreciably better

th the following closed

ng-under the same conditions:

1. Closed air cycle:

2. Vapor cycle sys

COP=0.74
tem:

Refrigerant 12,COP =5.3
Refrigerant 21,COP =4.4
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2.5.4 General Comments and Comparisons of Air Cycle Systems with Vapor Cycle Systems

Closed vapor cycle refrigeration systems possess much higher coefficients of performance than open or closed air
cycle systems.

. Air cycle systems tend to be lighter in weight.

High ratios of fresh air-to-recirculation air dictate air cycle cooling, whereas vapor cycle systems are generally best
for low fresh air-to-recirculation air ratios.

Vapor cycles permit centralized refrigeration systems with intermediate transport media to various compartments or
pieces of equipment being cooled.

Vapor cycles are recommended where full recirculation (no fresh air supply) is required and water or ram air heat
sinks are available

Vapor cycles ppssess large capacity ground cooling and pulldown capabilities.

. Air cycle syste
pressurization

ms possess the fundamental advantage of direct supply of air forboth coo
control.

ling requirements and

Air cycle units @ire characterized by high specific output from compact units:

When requiren
latitude both fu

ents dictate a high fresh air supply quantity, an open gircuit basic bootstrap sy
hctionally and in cooling capacity over a wide speed Fange.

tem provides the most

2.6 Water Separator Applications

cooling and ventilation,

The question of passe
but also humidity contn
should be provided fo
humid weather.

The situation changes
atmosphere drops with

nger comfort is one of prime importance and involves not only the problems of
ol both in flight at low altitudes and whileZon the ground. Consequently, sufficie]
removing the latent heat resulting from dehumidification, especially during g

for aircraft operating for long*periods of time at high altitude. Because the n
altitude, so that at 40,000ft the ambient atmosphere has a relative humidity

nt capacity and means
round operation in hot

hoisture content of the
of the order of 1-2%, it

is necessary to make
requirements.

provisions for increasing the internal compartment humidity to over 30%, as dictated by comfort

In addition, it is also inpportant to exercise humidity control to prevent condensation that can damag
and appear on windgws, windshields, and on thermal and acoustical insulation. Metal parts
conductivity materials pxposed.ta.the cabin air should be isolated from the cold skin of low flying, loV

b electronic equipment
br other high thermal
v speed aircraft.

2.6.1

Dehumidification

The problem of removing water from the air supply is in two parts. The first requirement is to prevent fogging of transparent
areas and excessive condensation inside the aircraft that tend to deteriorate electronic and electrical equipment, thermal
insulation, and similar equipment. The second requirement is to prevent fog from coming into the cabin through the inlet
grilles. The nature of the water particles (1 or 2 u in size) in the air on the downstream side of the air cycle turbine makes it
necessary to agglomerate the minute particles into larger droplets before they can be trapped and drained away. For
operation with open air cycle systems, two types of water separators are commonly utilized, mechanical and kinetic.

2.6.1.1  Water Separator (Mechanical Separation)

Separator devices provide the means for reducing the moisture content in the air supply to prevent precipitation in the
ducting and in the cabin when operating at altitudes at which the ambient air has an appreciable water content.

Water separators are normally located far enough downstream from the air cycle turbine to allow agglomeration of 1-2 p
particles to a size that allows the separator to function properly. Some tests indicate that 0.043 sec is required for droplet
size to increase to the desired value.
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Water separators can be made available in a range of sizes to handle various air flows. Advantages of water separators are
that they are efficient without imposing an undue back pressure, simple in construction, and light weight. A relief valve is
used to allow the air to bypass in the event the water separator becomes iced.

A simple water separator consists of a coalescer, internal relief valve, and collector tubes or plates. Air from the air cycle
turbine, with its free water in the form of minute drops (fog), passes through the filtration element of the coalescer. Passing
through the restricted passages causes the droplets to join together to form larger drops, which are blown on the collector
tubes or plates in the downstream portion of the water separator. The collected water runs down the tubes or plates where
it is drained from the unit. If the coalescer assembly becomes choked because of icing conditions, the relief valve opens,
allowing the moist air to bypass the extractor and pass directly into the cabin system.

Fig. 3B-18 presents a psychrometric diagram of the mechanical moisture separation process. The efficiency of the separator
(nsep) is defined as the change in specific humidity for a given case, divided by the change in specific humidity that would
result if all the entrained moisture were removed.

WET BULB SATURATION

= R LINE =
SATURATION - ‘ -
! -2 LINE £ ADSORBER Z__
1 = =
AR CvcLe _ WATER TO CABIN 2 E: BED s
TURBINE SEPARATOR 2 WET BULB ' 2
o LINE \ o
W, -W 2 2 |
| 2 W w
Nsep = W, W,y S At DUE TOYLATENT HEAT \L 2
2 g At DUE_TQ HEAT OF WETTING g
TEMPERATURE TEMPERATURE
Figure 3B-[18 - Psychrometric Diagram of Figure 3B=19 - Psychrometric Diagram of Chemical
Mechanidal Water Separation Process Moisture Removal Prpcess

2.6.1.2 Water Separator (Kinetic Separation)

A centrifugal device (duch as a turbine rotor or a form of swirlfube) imparts kinetic energy to the syspended water which,
at a given speed of rojation, is much greater than that of the ‘air which carries the water. Therefore| it is possible to trap a
portion of the water at fhe periphery of a centrifugal separator and allow for the air to pass on through|the system at reduced
moisture content.

The efficiency of the water separation depends-dpon the difference between the kinetic energy |imparted to the water
particles and that imp3rted to the suspendingair. Since the kinetic energy of the water particles depends upon the particle
mass, extremely fine Japor arising from the refrigeration process upstream of the separator results| in fine droplets of low
mass with corresponding low kinetic enérgy values. Thus, specific devices are necessary to increasg the mass of the water
particles upstream of the centrifugal action.

2.6.1.3 Dehumidification with(Vapor Cycle Refrigeration

The use of vapor cycle¢ refrigeration systems simplifies the problem of moisture removal, since the surface temperature of
the evaporator is usudlly“below the dew point temperature of the air; that is, the air is cooled to its lew point temperature
as it flows through thé evaporator. The excess moisiure condenses and collects on the heat transfer surfaces of the
evaporator. By providing a simple water trap immediately downstream from the evaporator the water droplets, blown from
the evaporator by the air stream, are collected and drained away.

2.6.1.4  Moisture Removal by Chemical Means

Moisture removal by chemical means is a simultaneous heating and dehumidification process. Solid adsorbents, such as
gel or activated alumina, or solutions in water of calcium chloride or lithium chloride may be utilized. When the air flows
through any of these materials, moisture is condensed from the air, and the latent heat surrendered by the condensing
vapor, plus the heat of adsorption (or heat of wetting), raises the temperature of the air. Solid adsorbers can hold
approximately 40% of their initial dry weight of water. Fig. 3B-19 shows a psychrometric diagram of the chemical moisture
removal process.
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Molecular sieves, a group of crystalline adsorbents, may also be used for moisture removal. When they are reactivated by
heating, to remove the water of crystallization, they become highly porous materials with a great affinity for water in addition
to other gaseous and liquid materials. The major advantages of molecular sieves are:

1. Perform better than other adsorbents.

2. Can be used at elevated temperatures (approximately 200°F).

3. Can be designed with high face velocities.

4. Can be designed for selective removal of other impurities together with water.

Fig. 3B-20 compares the performance of adsorbent materials.
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Figure 3B-20 - Comparison of Desiccants (adsorbents)

2.6.1.5 Summary

The choice of the refrigeration system usually dictatesithe method of moisture removal; for example
1. For air cycle refrigeration, water separators (mechanical separation of moisture).

2. For vapor cycle refrigeration, condensation of moisture on cold surfaces; that is, the evaporgtor of a vapor cycle, or
a heat exchanger that cools air'by utilizing a cold mixture of water and glycol.

Chemical methods of moisture remaoval have not been utilized in aircraft except in specialized moistuje removal applications
for electronic and othef equipment.

2.6.2 Humidification

Humidification is not as complicated as dehumidification. The various types of humidifiers are:

1. Electric boilers, using the “steam kettle” principle. Water is boiled by the heat from the electric resistance heaters
and the resulting steam or water vapor is passed into the air.

2. Fine sprays, using high pressure pumps to force water through jet orifices located in the air stream.

3. Venturi humidifiers, using a venturi, a water storage tank, and a solenoid valve to cut off the water supply, provide
means for increasing the moisture content of the air when operating for long periods at high altitudes. These units
are efficient, simple, light, and reliable.

When humidification is required, the control valve is opened so that water is free to pass to the inlet ports located
in the restricted portion of the venturi throat, causing the water to be drawn from the inlets and absorbed by the
passing air.
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A natural turbulence caused by the shape of the humidifier assists the process of absorption, and free water in the
air stream is retained by a series of inclined porous louvers at the exit. The louvers are maintained in a wet condition
and, acting as wicks, further assist the process of evaporation. If the exit louver elements become choked (iced),
air can still pass between the louvers without undue restriction.

3. VAPOR CYCLE SYSTEMS

Note: The refrigerants used in this section are no longer in use due to high ozone depletion potential. The replacement
refrigerants are now in question due to high global warning potential. When performing tradeoff studies, the refrigerants

currently in use should

3.1 Basic Considera

be analyzed. Properties of the refrigerants are typically available on line.

tions and Cycle Components

The vapor cycle refrigeration system is, in effect, a heat pump, since it transfers heat from a low temperature environment

to one at a higher tem

nerature

Fig. 3B-22 traces the V|
source fluid. The refrig
where the acquired hq
through a throttling (e

The power required to
condenser, and the ar
equivalent of the work
If the temperature diffe

For any given refrigere
the maximum limit of
below the critical bec
temperature approach

Vapor cycle systems g
high speed aircraft for

1. They have a h

2. They are flexible in that cooling may ‘be directed accurately to required areas.

3. They solve thd

Itis important to note t
is designed to cool an
and cabin cooling requ

apor cycle process. Evaporation of the liquid refrigerant in the evaporator absqg
erant is in turn compressed to a higher pressure and temperature andjthén
at is rejected to the heat sink. The refrigerant liquid leaving the condenser f
pansion) valve. The vapor cycle system is a closed circuit system.

operate the heat pump depends on the difference in temperature levels betwe
hount of heat being absorbed in the evaporator. When the temperature differ
required may be only a third to a quarter of the amount.of heat being extracteq
rence is large, the work input may equal or exceed the equivalent of the heat

nt, there is a limiting temperature range over which it can be used. The critic
he condenser temperature. In practice, however, the maximum temperature

es the critical value.

an be applied to all types of aerospace vehicles and are of particular interest i
the following reasons:

igh coefficient of performanee.

problem of dehumidification on the ground and at low altitudes.

nat the fluidin the evaporator must absorb both latent and sensible heat. Therg
d dehumidify the air, the system must produce sufficient refrigeration to supp
irements.

rbs heat from the heat
cooled in a condenser
ows to the evaporator

en the evaporator and
ence is small, the heat
from the heat source.
extracted.

bl temperature defines
must be considerably

buse the refrigeration effect decreases and the work of compression increases rapidly when the

h the case of large and

fore, when the system
ly the humidity control

For additional information on the application of vapor cycle systems to aircraft, refer to Ref. 18.

3.1.1

Definition of Ton of Refrigeration

The unit of measure for refrigeration output is the ton:

1 ton = 200 Btu / min
=12,000Btu/hr
= 288,000Btu/day

One ton of refrigeration is equivalent to the heat required to melt 1 ton of ice in 24 hr (latent heat of fusion = 144 Btu/Ib).
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3.1.2 Typical Pressure-Enthalpy (P-H) Diagram

This type of schematic diagram is extremely useful in representing and directly solving vapor cycle problems (ref. Fig.
3B-22).

3.1.3 Ideal Refrigeration Cycle

This is the reversed Carnot cycle with a vapor as the refrigerant, as shown in Fig. 3B-21, where points are represented as:
(1) 1-2: Isothermal vaporization (evaporation) process.
(2) 2-3: Reversible adiabatic compression process.

(3) 3-4: Isothermal condensation process.

(4) 4-1: Revefsible adiabatic process.

SUBCOJLED | *0/asto /
olal | /7
g ) S J w
g WET VAPOR \\ / / ::f)
<
2 REGION ( / @
E = /\\ /'SATURATED %
& RURATED !\l vaPOR REGION =
SATURATED \
VAPOR LINE At=0
ENTHALPY, Btu/lb ENTROPY, S
Figure 3B-21 - Typical Pressure-enthalpy (P-H) Figure 3B-22 - Ideal Refrigleration Cycle

Diagram. Note: At = 0 = Constant temperature and
A§ = 0 = Constant entropy

The applicable equatign is

Refrigeration obtained
Work done on system
— Qin — JQin

Qout - Qin Wnet

COP =

T3 4o (3B-31)

The reversed Carnot gycle is very useful as a standard of comparison, but it is not a practical cycle because:

1. Wet compresdion(point 2) tends to damage the compressor.

2. Isentropic expansion of a liquid (4-1) in a work-producing device (that is, a turbine) is not practical.
3.2 Analysis of Basic Vapor Cycle System

The nearest practical approach to the reversed Carnot cycle standard is the basic vapor cycle system. See Fig. 3B-23,
where lines are represented as:

(1) 1-2: Constant pressure process (evaporator); absorption of heat evaporates liquid refrigerant into vapor.
(2) 2-3: Reversible adiabatic compression process (compressor).
(3) 3-4: Constant pressure process (condenser); loss of heat to cooling medium (sink) condenses refrigerant vapor.

(4) 4-1: Throttling process; pressure reduced in passing through expansion (needle) valve.
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Figure 3B-23 - Basic Vapor Cycle System, (a) T-S diagram; (b) P-H diagram; (c) Basic simple cycle

Friction losses (pressure drops) of components and connecting lines have been neglected in the illustration. Line 1-1" is the
portion of refrigerant liquid that flashes into vapor when passing through the throttling valve.

3.2.1  Evaporator Pgrformance
Applicable equations gre:

h, — hy = Refrigeration effect (amount of heat absorbed in evaporator per pound of refrigerant)
(3B-32)

gi» = 912 = Amount of heat absorbed in evaporator by'refrigerant (3B-33)
= Amount of heat lost by fluid being cooled (the heat source)

Q1o =W (h, —hy) Btu/min
= Wf’Qevap

= Wecpe(t1e - t2e)

(3B-34)
where
wr = Refrigerant flgw rate, Ib/min
wr= Refrigerant flpw rate per ton of cooling
= 2 1b/min-ton
2+ hy
Qqvqp.~ Evaporator capacity, tons
w,, = Source fluid flow rate, 1b/min
3.2.2 Compressor Performance
The representative equation is
Q3_, = Theoretical work of compression (reversible adiabatic); Nsom, =100%
=w;(h; —h,)Btu/min (3B-35)
_ we(hy _hz)hp

42.4
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3.2.3

Condenser Performance

This is expressed by

qout

=0q3_4

= Amount of heat rejected in condenser by refrigerant

=w¢(hy — h,)Btu/min

=w¢(hy, — hy) +we(hs — hy ), whichis the amount of heat absorbed in
evaporatr plus heat equivalent of compressor work

= W,Cp (o — tyo ), which is the amount of heat absorbed by the heat sink from the condensing refrigerant

where w, = Sink fluid flow rate, Ib/min

3.2.4 System Perforlmance

3.25

Three areas are boundled by points in Fig. 3B-24 as follows:

Major Deviatigns of Actual Basic Cycle from Theoretical Basic €ycle

Area 2-2'-3'-3} Superheating from 2 to 2’ in an evaporator is necessary to ensure that 1
compressor. \Vhen vapor is superheated in thel.evaporator, then it is part of the refrigers
superheated qutside of the evaporator, it cannet be credited to the refrigerating effect.

1.
2. Area 2'-3"-3'":
3. Area 1'-1-4-4'

of the expansi

PRESSURE

Figure 3B-24 - Comparison of Actual versus

SAT

(3B-36)

h2 - h1 _ 200(Qevap)

COP = =
hy—hy,  42.4W,)
= 4.715M
WC
hp 4715
ton COP

An increase in entropy and-enthalpy results from less than a 100% efficient cq

Subcooling from 41q'4’ is necessary to ensure that there is no flashing of lig
bn (throttling) valve; it also increases the refrigeration effect (useful cooling) o

4'4/ LP=0 /3 3 3 3"

°F

(3B-37)

o liquid goes into the
ting effect. If vapor is

mpression process.

uid to vapor upstream
the evaporator.

o} 2
N v/o s
= 70 S t
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=
< 1 [4 -+
< ‘ i Zﬁ{UPERHEAT
SAT Slie—— 2
=
VAPOR 3 Tvep 2
DISTANCE THROUGH
ENTHALPY EVAPORATOR

Theoretical Vapor Cycles. Pressure Drops

have been Neglected

Figure 3B-25 - Evaporator Performance
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3.2.5.1  Actual Evaporator Performance

A plot of the heat source and refrigerant temperatures in the evaporator is shown in Fig. 3B-25.

Qin = 9r-2 =We(hy —hy)
Refrigeration effect = (hy — hy)

Wf = Wf'Qevap Ib/mln

200 (3B-38)

We = Ib/min-ton
hy — hy

3.25.2 Actual Compressor Performance

The equations are (se§ Fig- 3B-24)
Qy o = Wf(h3” - h2’) (ncomp < 100%)
(hy: ~hy) =512 Bty /min (38-39)
comp
3.2.5.3 Actual Condenser Performance
Fig. 3B-26 shows the femperature of the refrigerant and the heat sink as théy'pass through the condenser.
Qout = z-4 =Wr(hy —hy)=we(hy —hy)+we(hge=hy) (3B-40)
43" DESUPERHEATING
W 3" 4
% teong 4'
2 : SUBCOOL ING
xl'2c
% tie
C DISTANCE THROUGH
CONDENSER
Figure 3B-26 - Condenser Performance
3.2.5.4  Actual Systgm Performance
The COP for actual sygtem perforthance is (Ref. Fig. 3B-24):
h,—h 47150,
COpE 2+—1 = Qev (Ref.Eq.3B-37) (3B-41)
hy —h, W,
where W, = G-2)
42.4

3.2.6  Frictional Effects on Vapor Cycle System Performance

The effects of friction losses may be summarized as follows (losses have been exaggerated for clarity; see Fig. 3B-27):
Ap1 = Evaporator pressure drop; results in reduced evaporator mean temperature and a larger evaporator size
Ap2 = Suction line pressure drop; results in increased compressor power requirements

Aps = Discharge line pressure drop; results in increased power requirements for compressor
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Ap4 = Condenser pressure drop; usually negligible in actual operation

Aps = Liquid line pressure drop; results in liquid flashing into vapor, which may reduce capacity of throttling valve

SAT.

AP,
4/ LiQuip

PRESSURE

. T
VAPOR — ACTUAL
---IDEAL

ENTHALPY

Figure 3B-27 - Vapor Cycle Showing Pressure Losses

All pressure losses requcethe COPof theactuattycle betow that of the-ideatvaportyctetrtheorder of importance in the
reduction of COP, thege losses may be listed as follows:

1. Suction line priessure drop.

2. Compressor djscharge line pressure drop.

3. Evaporator pre¢ssure drop.

4. Liquid line prepsure drop.

5. Condenser prg¢ssure drop.
It may be noted that ingfficiency of compression has a bigger effect-on the COP than the pressure Igsses listed above.
3.3 Vapor Cycle Sygtems Variants
3.3.1  Multiple Evapgrator Operation
For divided cooling logdds (that is, aircraft occupiédcompartment cooling together with unoccupied electronic compartment

cooling), multiple evapprators in parallel are necessary. (See Fig. 3B-28.) Individual back pressure vajves are required when
different temperature Ipvels are to be maintained.

SINK FLUID —=f}—=
L—
9 COND

L)

BACK PRESSUREA

REGULATOR
4 EVAP o B0
f ppeny |

3

=—="SOURCE FLUID ©

o | EYAP 2 B3
-—

—" SOURCF FILUID

w 9 8
=
@ 2
] 4 5/ /%
T 1! 2
6
37
ENTHALPY

Figure 3B-28 - Multiple Evaporator Operation

Operation at different temperatures, with the suction pressure throttled to the lowest evaporator pressure, is inefficient
unless the evaporator at the lowest temperature carries most of the heat load.
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3.3.2 Addition of Su

The system is shown i

bcooler-Superheater to Actual Basic Cycle
n Fig. 3B-29. Applicable equations are
Qevap = Wf(hZ - h1)

Qcomp = Wf(h4 - h3)

Qcond = Wf(h4 - h5)

(hs—hy) _,
(hs — hg)
h, —h
cop=—2_1
h, — h;
S EH——]
5 COND a
[\
SAT.
3 VAPOR
SUBCOOLER wl 6 4
SUPERHEATER—=, | T vk A
6 2 $
W 2 {?
EVAP X [ 3
! P | 2 Q
~——==~SOURCE FLUID SAT. LIQUID

ENTHALPY

Figure 3B-29 - Subcooler-superheater Cycle

The benefits derived filom its use are:

1. Aheat exchan
to the compres
the expansion

2. The refrigerati
3. The cycle CO
4. Useful superh

of a separate
air being coolg

ger between the compressor and evaporater.supplies useful superheat and pr
sor (especially with flooded evaporator applications) and also prevents vapor |
valve.

bn effect of the evaporator is increased.
P is increased.
bating (with no subcaoling) may also be accomplished by extending the evap

heat exchanger. However, more benefits may be derived from the separate s
d in the evaporator):

a. The mean A
air being co

between_cendensed liquid and evaporator exit vapor is higher than the At b
led and-the’ evaporator exit vapor.

b. The section gf therevaporator being used as a superheater is a gas-to-gas heat exchanger,
when comppréd to the liquid-to-gas transfer of a separate superheater.

events liquid carryover
lashing upstream from

orator without the use
uperheater (assuming

ptween the evaporator

which is very inefficient

3.3.3 Compound Cycles

Figs. 3B-30 through 3B-35 depict several variations of the basic vapor cycle:

1. Simple compound cycle (Fig. 3B-30).

2. Two stage system with open type flash intercooler (Fig. 3B-31), for which

Q7-6 =Wsa(hg —hy)
Qg5 = Wep(hg —hs)
Q3_2 =Wei(h3 —hy)
Q1_2 =Wpy(hy —hy)
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and

Wip _hy—hg _h3—hg hy—hs

Wy hy—hg hs—hg hs—hy

3. Compound cycle with expanded refrigerant intercooling (Fig. 3B-32).
4. Compound cycle with expanded refrigerant closed subcooler (Fig. 3B-33).
5. Compound cycle with superheater (Fig. 3B-34).

6. Compound cycle with subcooler and superheater (Fig. 3B-35).

SINK SINK  COND

FLUID — FLUlD-—'—__:}—-
5 o 4 Noi & opEN © |"f2 "
= D INTERCOOLER & &
b » 8 — 445 A
3 w N )
No. 2 2 AVt~ Ws) |3 l&J
| EVAP 2 9 [y

1
D | EP 2 fu,

" ~SOURCE FLUID ENTHALPY

Figure 3B-30 - Simple Compound Cycle
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Figure 3B-32 -|Compound Cycle with Intercooling
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Figure 3B-31 - Two-stage System with Intercooler
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Figure 3B-33 - Compound Cycle with Subcooler

COND
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Figure 3B-34 - Compound Cycle with Superheater

3.3.3.1  Simple Compound Cycle (Fig. 3B-30)

Figure 3B-35 - Compound Cycles with Subcooler

and Superheater

This is the simplest method for accommodating what would otherwise be an excessive pressure ratio for a single stage.
Two or more stages of compression may be in the same compressor housing, or separate compressors may be utilized.

The method of analysis is identical to that of a simple cycle.
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3.3.3.2 Two Stage System with Open Type Flash Intercooler (Fig. 3B-31)

This equation is

COP = Wii(hy — hy) (3B-42)
Wey(hg —hy) + Wy (hg — hs)

3.3.3.3 Compound Systems (Figs. 3B-32 through 3B-35)
Comparison of these compound systems is presented in Par. 3.5. In general, some increase in COP is achieved, but at the
cost of additional weight and complexity. Fig. 3B-32 is applicable to ammonia refrigerant systems (that is, refrigerants that
have a marked tendency to superheat upon compression).

3.3.4 Cascade System

This system is necessary for reaching a higher sink temperature level than is possible with only one’tycle. See Fig. 3B-36,
for which

Qevap (POINt 1) =Wy (D, — hy)

Qcomp (pOint 1) = Wf1(h3 - hz)

Goong (POINt 1) = wiy(hy —hy)
= Gevap(POINt 2)
=Wyy(hg — hs)

SINK FLUID _—

RS
REFRIGERANT LOOP 1 APPROX.

4]5 20°F
5 EVAP g uWgp
L

1
4 COND . (3
dD REFRIGERANTLOOP 2 T
I

EVAP 2 W

e
SOURCE FLUID ENTHALPY

PRESSURE

Figure 3B-36 - Cascade System
Qeomp{POINt 2) = W, (hy — hg)
Qo (POINt 2) = Wy (hy — hg)
COP, cascade —

W (1T, = 117)
Wei(hg —hy) + Wy (hy —hg)

lowest stage
_ Jevap ( ge) for nstages

Z(compressor work)

(3B-43)

where all cycles are in series.

1 ___(COP); (COP), (for two stages)
COPcascade 1+ (COP)1 + (COP)Z
where (COP), = COP of loop 1

(COP), = COP of loop 2
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(COP) 4scade < COP of individual loops of system

(COP)cascade > COP of single simple cycle operating between extreme temperatures

General Considerations for Cascade Systems

The increased mechanical complexity for multiple stage cascade systems favors the use of the least number of

stages. However, the COP of the system decreases rapidly with each single cycle as the temperature spread
between the evaporator and condenser increases because the proportion of irreversible to reversible processes in

e irreversibilities present in the individual cycles, there is an additional irreversibility associated with

heat across the finite temperature difference between cycles. Temperatur
ally small (approximately 10-20°F).

erants may be used for each cycle. This does not markedly improve-system
ted system, but it may result in definite saving in overall low stage‘compressg

he cascade system is usually better than for the compound or simple cy
based on actual compressor efficiencies.

ycle is readily adaptable to two evaporators operating at different temperature

high temperature evaporator and a cascade cycle with respect to the low te
ent is recommended for applications where:the’high temperature evaporator g

e used.

and
3.3.4.1
1.
the cycle rises.
2. In addition to
the transfer o
cycles are usy
3. Different refrig
more complicy
4. The COP of
comparison is
5. The cascade ¢
of an evaporat
respect to the
This arrangen
load.
6. There are les
differentials an
7. In determining

the maximum
refrigerant cyo

at the optimunmp compromise.

3.4 Expendable Ref]

A simple open vapor ¢
the atmosphere. The

(boiler) in which the ¢
overboard. A compres

the minimum possible number of cycles to be cascaded between widely se
temperature spread for the application of each refrigerant must be evalua
les requires a thoroughistudy of the refrigerant characteristics applied to each

rigerant Vapor Cycle Systems

ycle systemlis one in which the refrigerant (water, ammonia, or similar fluid) is
Isual aircraft system consists of the liquid refrigerant in a liquid reservoir tha
boling-of the heat source fluid is accomplished. The saturated or superheate
sor)(vacuum pump) may be located downstream from the evaporator in the

e differences between
COP and makes for a
r size and weight.

cles, especially when

levels, by the addition

or in parallel with the condenser-evaporator in loop 2. The system then beconpes a simple cycle with

Mmperature evaporator.
arries most of the heat

5S severe compressor requirements, for the cascade system, since lower operating pressure

parated temperatures,
ed. The cascading of
cycle in order to arrive

evaporated directly to
t feeds an evaporator
d vapor is discharged
vapor line to decrease

the boiling temperature of The refrigerant below the temperature corresponding 1o the ambient press

ure.

In systems for cooling ram air taken aboard, a fuel heat exchanger can be located upstream of the boiler and a cooling
turbine may be located downstream of the boiler for additional cooling. Thus the boiler of an expendable refrigerant vapor
cycle system is located between the primary heat exchanger and the turbine of a simple air cycle system.

The simplest combination of a vapor cycle cooling system with an expendable refrigerant vapor cycle system is made by
using water as the ultimate heat sink for a closed system condenser. The condenser becomes a combination condenser-
expendable fluid boiler. A vacuum pump and throttling valve are used for controlling the boiling pressure, which, in turn,
sets the condensing pressure and temperature for the vapor cycle system.
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3.5 Comparison of Vapor Cycle Systems
3.5.1  General Rules for Simple and Cascade Cycle Selection
To compare coefficients of performance when selecting optimum refrigerants for use over a particular temperature range,

a series of graphs similar to Fig. 3B-37 may be prepared, one graph for each refrigerant. The COP may be read from the
graph for any combination of evaporator and condenser temperatures and for a particular compressor efficiency.

6 - —
tc=400F 80 120 160 200 240 280 320

5

COEFFICIENT OF PERFORMANCE
SN
|

-50 0 50 100 150 200 250 300
EVAPORATOR TEMPERATURE, tg,F

Figure 3B-37 - Vapor Cycle Performance Curves, R-11, t. = condenser temperature, compresisor efficiency = 60%

The comparison of the relative .COP together on a single graph reveals which refrigerant would be thermodynamically best
in each temperature rgnge, see Fig. 3B-38. The actual COP for 13 different refrigerants as well as thg corresponding Carnot
standard COP have bgensplotted, each for simple cycles with condenser temperatures 100°F highger than the evaporator
temperatures.

The following general rules may be summarized:

1. Actual cycle coefficients of performance are about half the ideal Carnot cycle COP over the entire temperature
range considered:
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2. The useful temperature range of-each refrigerant tends to decrease as the evaporator tempe

3. Any refrigeran
toward the refi

4. AlICOP value
and the cycle
accompanied

Figure 3B-38 - Comparison of Relative COP’s for 13 Different Refrigerant
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[ cycle has anfoptimum COP point, which decreases rapidly as the condenser
igerant critical temperature.

b tend.to blend together on the same line as the difference between the refriger
evaporator temperature increases for each refrigerant. However, this region

7

(3B-44)
rature level decreases.

temperature increases

ant critical temperature
for each refrigerant is

by-extremely small pressures and large specific volumes,_precluding use in th

for the line is (in the operating region distant from the critical point):

COP=5.15x10"°T,,,,
T,

evap

194

s range. The equation

(3B-45)
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5.

A refrigerant selected with its optimum COP point near the desired condensing temperature will continue to give
thermodynamic performance equivalent to other refrigerants at lower temperatures as its evaporator temperature
is lowered indefinitely. However, decreasing saturation pressure and increasing vapor specific volume
simultaneously dictate a practical lower limit of application for a given refrigerant.

Cascading will become necessary as the temperature difference between condenser and evaporator becomes
large. A series of refrigerants, each of optimum performance in its own temperature range, is selected to comprise
a multiple cascade cycle.

Thermodynamic performance is not the sole criterion for selecting the optimum intermediate evaporator-condenser
temperature between successive stages. Practical requirements limiting equipment size and pressure cause the
addition of another refrigerant stage when the evaporator pressure is very low. On the other hand, the least
mechanical complexity corresponds to the fewest subcycles in series between two widely-separated temperatures.

Complex cycl
difference betyveen the evaporator and the condenser.

ith a large temperature

Presented below are gome general rules for selecting a thermodynamically optimum refrigerant in a|particular temperature

range, utilizing Fig. 3B+38:

The range whgre the refrigerant specific volume is lowest corresponds to the maximum COP part of each refrigerant
curve. The absgolute evaporating pressure exceeds sea level atmosphericpressure in this rgnge.

For the specified evaporator temperature range, generally select the'refrigerant that exhibitg the highest COP.

Where two or|more refrigerants are close in performance, further detailed cycle computations will reveal which
refrigerant pogsesses the best characteristics.

So far only thermodynamic performance has been considered. Additional criteria for refrigerant selegtion are:

1.

2.

8.

9.

High density of liquid and vapor.
Low viscosity of liquid and vapor.
High thermal gonductivity.

Low oil solubillty.

Good chemicgl stability.

No toxicity and odor.

No reaction with watér and oil.

No reaction with material used in cycle components and in aircraft structure.

Simple means of leak detection.

10. No special handling methods required.

11. Any other safety considerations.

12. Low cost.
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3.5.2 Comparison of Subcooler-Superheater Performance in Basic Simple Cycle

The graphs in Fig. 3B-39 indicate the improvement resulting from superheating in a separate subcooler-superheater (see
Par. 3.3.2). Varying magnitudes of increased performance are obtained depending upon the refrigerant used. In addition to
the increase in COP, an accompanying decrease in cfm/ton is obtained, resulting from the increase in refrigeration effect
through subcooling.

3.5.3 Comparison of Simple, Compound, and Cascade Cycles

Fig. 3B-40 compares the cascade cycle with the simple or compound cycle, on an ideal basis, operating between the same
overall temperature limits. Curves 1 and 2 may be compared on an ideal basis for the cascade and compound or simple
cycles, respectively.

To take into account the effect of irreversible compression and the finite temperature difference necessary in the
intermediate heat exckangnr of-the cascade. r\yr\ln, curves 1’ and 2’ may he r‘nmpgrnd r‘nmpgricnn f the COP’s reveals a
definite advantage for the cascade system. A further comparison is made in Table 3B-1.

The data in Table 3B-1 indicate:

1. The superiority of the cascade cycle over the basic compound cycle, with this superiority ugually increased by the
use of different refrigerants in the cascade cycle.

EFFECTIVENESS
(@

50% 100%
40 T

I I
|

| CONDENSING
| TEMPERATURE

0 40 80 120 160
SUPERHEAT, °F

8 | T T
EFFECTIVENESS
50% 100%

" CONDENSING ! /1
TEMPERATURE ,l

CHANGE IN COEFFICIENT OF PERFORMANCE, %

0 40 80 120 160
SUPERHEAT, °F

Figure 3B-39 - Effect of Superheat Gained in Performing Useful Cooling,
(a) Refrigerant 12, tevap = 40°F; (b) Refrigerant 11, tevap = 40°F
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Table 3B-1 - Performance of Vapor Cycle Systems

Figure 3B-40 - COP of Cascade Cycle for Refrigerant 12 in Both Stages

b of the cascade cycle over the compound cycle holds for both ideal ‘and actual cycles.

cycle possesses inherent disadvantages since additional ‘components are|required and a more
bl problem must be solved.

putweighs items 1 and 2; therefore, the compound cycle*Usually should be usefl in applications where
e heat source and a large temperature difference:between source and sink.

Qverall Low Press. High Fress.
System Refrigerant COP Stage COP Stage| COP
Basic fapor Cycle R-11 2.02
(Par. 3.2) R-12 1.64
Cascade Cycle R-12:R-12 1.96 4.93 3.94
(Par. 3.3.4) R-221R-11 212 4.84 4.%5
R-22:R-12 1.95 4.84 3.94
Compound Cycle R-11 2.02
(P@r.3.3.3)(Item 1) R-12 1.64
Compound Cycle R-11 2.02
(Par. 3.3.3)(Item3) R-12 1.64
Compound Cycle R-11 2.32
(Par. 3.3,3)(item 4) R-12 2.09
Compopnd Cycle R-11 2.05
(Pare313:3)(Item 5) R-12 1.82
Compound-Cycle R-11 2.32
(Par. 3.3.3)(Item 6) R-12 2.15

Notes: Condensing temperature = 140 °F

Evaporating temperature = — 20 °F

Intermediate temperature = 46 °F

Compressor efficiency = 100%

Intermediate heat exchanger temperature difference = 10 °F (cascade cycle)
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4. COMBINED VAPOR CYCLE AND AIR CYCLE SYSTEMS

In general, since open air cycles are limited by a relatively small temperature spread between source and sink temperatures,
the closed vapor cycle may be combined with the air cycle system to increase the effective temperature range of the cooling
system. With moderate temperature differences, one vapor cycle system may suffice; with extremely large temperature
differences, cascade vapor cycle systems may be required. Although many permutations are possible, several
representative systems are listed in Table 3B-2. Other component arrangements may be used for specific applications.

Schematic diagrams are shown in Fig. 3B-41; the systems are compared in Fig. 3B-42. In Fig. 3B-41, one or more vapor

cycles in series (cascaded) are represented by only one cycle, for simplicity.

Table 3B-2 - System Summary

Type Source of Sink Air
nndgnqﬁnn Cabin Air Condition
I Bleed air Ram air
1 Bleed air Expanded ram air
Ul Ram air Ram air
v Ram air Expanded ram air
\ Type IV with regeneration
OVERBOARD OVERBOARD

VAPOR CYCLE
—HX-

p— '
EVAP caBIN,—
Qﬁ:l_f‘f} OVERBOARD
L _RAM AR N o WORK
=0

OVERBOARD ]
RAM AR COND
PE Io R AR —~{COND[ OVERBOARD
TYPE Ia
OVERBOARD aron oveLe OVERBOARD
L
CABIN VAPOR CYCLE |
EVAPL 7, l:a/.ERBOARD caBiN]—
WORK OVERBOARD
N WORK
- -4
Hconok —[conok
— | A —{COND OVERBDARD
RAM AIR TYPE Ib TYPE IIb
OVERBOARD OVERBOARD
BLEED VAPOR CYCLE VAPOR CYCLE
-Hx- CABIN|—=
AIR 1 OVERBOARD I BN ERB0ARD
I th - WORK
: WORK
(-
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Figure 3B-41 - Representative Combined Air Cycle and Vapor Cycle Systems. Note: One or more vapor cycles in

series (cascaded) are represented by only one cycle, for simplicity
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Figure 3B-42 - Syste
Tcab = 510°R;

The total system net w
air drag, and the auxili

The trend of cooling effect, system work, and COP-gbtained by varying each of several parameters

Fig. 3B-43 for a typica
5. THERMOELECTH
5.1 General Discus{

Although the theory of
in the development of

im Comparisons. Notes: Turbojet eff = 83% (comp); compressor eff = 60
HE effectiveness = 80%; pressure drops = 10% air.side HE, 5% cabin su|
15% bleed air line

ary power necessary for the cooling systemrcempressor.

Amount of cabin cooling

COP =
( )system Total system net work

combined system (Type Ia);*The optimized values are summarized in Table
IC COOLING
ion

thermoelectric cooling has been known for many years, only in recent years h3
Mmaterialsiand equipment to pin point potential fields of application in the aeros

%; turbine eff = 70%;
bply line, and

ork consists of the net engine compressor shaft work for compression of the bleed air, all of the ram

s summarized in
BB-3.

s progress been made
pace industries.
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Figure 3B-43 - Parameter Variations for Combined System (Type la): Fixed condenser temperature; Fixed Mach

number and altitude; Fixed cabin-air compression ratio
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Table 3B-3 - Summary of System COP Values

Optimum Value of Parameters

Cooling Evap Cond Typical Refrig. Number of
Effect Temp Temp System Required Vapor
System Btu/lb ‘R °R COP Hg H20 R-11 Cycles

Mach 2.0, 40,000 ft:

la 30 590 1460 0.029 x x x 3

Ib 17 610 1460 0.025 x x x 3
lla 27 560 660 0.057 — — x 1

b 33 540 660 0.050 — — x 1
1E] 26 560 1460 0.023 x x x 3
llb 17 420 1460 0.015 x x x 3
v 32 560 660 0.051 — — x 1

V 32 J— — 0404 ﬁpfimi?ne with-no Napgr Cyc|e
Mach 3.0, 70,000 ft:

lla 18 560 780 0.005 — — x 1
1E] 20 480 1860 0.003 x x X 3
Y 21 560 780 0.006 — — x 1

V 27 — — 0.063 Optimizeswith no vapar cycle
Mach 4.0, 100,000 ft

Y 19 420 1660 0.0015 x X x 3

V 15 — — 0.033 Optimizes with no vapar cycle

The thermoelectric cy(
of control (from 100%
requirements. On the
cycle) at critical load rg
to make a valid compz
5.2 Present Applica
In the aerospace field
spots in electronic con

to laboratory equipme
watts of cooling, depe

5.3 Fundamental THh

The thermoelectric cyq
and in parallel thermal

When a DC voltage is
is reversed, the junctig

cooling to 100% heating). These factors bear consideration in analyzing space
bther hand, performance may not always compare favorably with other syste

le seems to be uniquely suited on the basis of size, Simple construction, no moving parts, and ease

quirements. However, the entire flight envelgpe at actual flight conditions mus
rison of overall merit.

ion
thermoelectric cooling has been limited to specialized applications, mainly t
ponent cooling. In the commercial field, the thermoelectric cooling cycle is suc

t, water coolers, refrigerators, ice makers, and air conditioners. Present capa
ding on conditions andapplication.

eory

le consists ©ftwo different semiconductor materials (much like a thermocoup
y. The connecting material at the junctions must be a good electrical and ther

bppliedto the circuit, heat will be absorbed at one junction and rejected at the 0

, weight, and reliability
ms (air cycle or vapor
t be evaluated in order

he cooling of local hot
cessfully being applied
Cities range up to 4000

e) in series electrically
mal conductor.

ther. When the current

ns‘will also reverse their operation. The absorption and rejection of heat at the

junctions is known as

the Peltier effect.

In addition to the Peltier effect, heat is conducted from the hot side to the cold side through the semiconductor elements,
and heat is also dissipated due to electrical resistance. Losses due to the Thompson effect can be assumed negligible,
provided the Seebeck coefficient for each material remains relatively constant in the temperature range of operation for the

hot and cold junctions.

The Thompson heating effect is defined as

Q =Ty =T )

(3B-46)
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where Q; =Thompson heat, W
t =Thompson coefficient, V/R
= do/dT, the differential of Seebeck coefficient with respect to temperature

| =Current, A
R =Electrical resistance, Q

and subscripts h and ¢ are the hot and cold junctions, respectively.

The Seebeck effect is the electromotive force (emf) that exists in a circuit of two different materials (p, n, see Fig. 3B-44)

when the junctions are maintained at different temperatures:

E=(o,=a, T =1c)

where E =emf, V|
o = Seeberk coefficient, V/T
T = Tempgrature, °R

P = Electrif power input, W

THERMOELECTRIC
MATERIAL

Figure 3B-44 - Basi¢’ Thermoelectric Couple or Module

If a DC voltage is apglied to the circuit, thefollowing equation defines the net Peltier cooling effe
condition of a single module or thermoeleetric'couple, shown schematically in Fig. 3B-44:

R K(T, T,
Q, =(a, —ep )T, _I'R_K(Ty-T;)

2 3.415
where Q: F Net'cooling at cold junction, W
3.415 EConversion-factorBiuthr-\W
K= KA/L
in which k = Thermal conductivity, Btu/hr-°F-in

A = Area cross section, in.2

L = Length of elements, in.

(3B-47)

ct for the steady-state

(3B-48)
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The net cooling effect equals the Peltier effect at the cold junction minus the losses due to electrical resistance and heat
transfer by conduction from the hot to the cold side. From the equation, it can be seen that (T, — T;) is a maximum when
the net cooling effect approaches zero with the current held constant. If the cooling requirement is held constant and the
maximum allowable current is supplied to the system, the required system AT can be calculated.

The electric power required to drive the thermoelectric device is made up of two factors: energy to overcome the Joule effect
(electrical resistance) and energy to overcome the thermal emf of the circuit. Thus,

2
P=1"R+(op -0, )Ty~ T, )l (3B-49)
The coefficient of performance is then defined as the ratio of the net cooling or heating effect to the power input:
COP = % (3B-50)

For any given thermoe]ectric device and temperature difference, the maximum coefficient of performance can be calculated
as follows in terms of femperature and the thermoelectric material constants:

0.5
) {HZ(T,,;TC)} _;,,
(COP) iy = —— o5
n—le {HZ(Th”c)} 1 (3B-51)
2
where Z = 22— n
RK

The term Z, or figure df merit, under steady-state conditions, is:-the controlling factor for defining ma
a thermoelectric devicé. When Z approaches infinity, the performance of the thermoelectric device af
efficiency:

ximum performance of
proaches ideal Carnot

(CoP )ideal =

T, T,

c

For several materials,
with figure of merit as

5.4 Application

For a successful applig
consumption, weight,

h family of curves can be constructed for comparison purposes of COP versus {
A parameter (see\Eig. 3B-45 for example).

ationof a thermoelectric system to a cooling and heating design, it is necessar
pacerequirements, auxiliary systems, reliability, and initial and long term costg

in Figs. 3B-46 and 3B

emperature difference,

y to evaluate full power
. The curves illustrated

47_show one method for evaluating the performance of 100 bismuth-telluride

thermocouples, 0.125

in. long and 38.2 mm? cross section. Figs. 3B-46 and 3B-47 are used together to determine cooling capacity.

Fig. 3B-46 shows the absorbed heat when both junctions are at the same temperature. Fig. 3B-47 is a plot of the heat flow
by conduction when the junctions are maintained at different temperatures. For example, if the cold junction is absorbing
heat at 40°F, the current flow is 40 A and the hot junction is maintained at 100°F, the net cooling effect is 300 W (Fig. 3B-
46) less 140 W (Fig. 3B-47) equals 160 W.
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When the system goes on heating, a similar approach is used with Figs. 3B-50 and 3B-51. The power consumption is
obtained from Figs. 3B-48 and 3B-49, just as in the case for cooling.

The power input will then equal the product of volts times amperes, or
P=El
Then it follows that the coefficient of performance can be calculated by definition:

COP = Qcool net _ Qc

" Total power input P

The COP can be improved by increasing the number of modules or the size of the elements. The preceding method can
then be used to evaluate performance at other conditions

541 Power Supply

Most available power gupplies have 3-phase alternating current and therefore must be rectified to D@ for the thermoelectric
system. A major portion of the volume and weight of any thermoelectric system is required for the power supply equipment,
which must be capabl¢ of operation up to maximum current and voltage as demanded by the control system. If the system
is to operate for both Heating and cooling, a reversing switch is required to reverse-the polarity of thg couples.

U

5.4.2 Cascade Systems

If temperature differentials are to be increased, modules can be stacked ene upon another and thermally in series. The cold
side of one module abporbs heat from the hot side of the next, and so on. Temperature differentials ¢an approach 180°F in
this system.
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To provide maximum temperature differentials and to allow for system inefficiencies, each stage from top to bottom should
have three to four times as many junctions as the preceding stage. Electrically, the stages are in series, and the junctions
should have equal and constant cross-sectional areas.

5.4.3 System Evaluation

When the materials as well as the size of the elements for the modules are known, an estimate can be made of the size of
the package. It may be advantageous to use a smaller power supply by making trade-offs such as increasing the number
of thermoelements so as to reduce power requirements. Each application will have a unique requirement, depending on
space, load, and current available. However, it should be noted that a package could be matched to requirements with
controls from 100% cooling to 100% heating.

It is extremely difficult to compare thermoelectric cooling to conventional methods strictly on the basis of COP. The
advantages of reliability and ease of control seem to outweigh added initial costs in applications where loads are suitable

for thermoelectric co

ing or heating | arge capacities are difficult to obtain _owing to the excessively large number of

thermoelements and h
applications are currer

5.4.4  Auxiliary Syst¢ms

For successful operati
both the hot and cold
air (see Fig. 3B-52).

An inspection of Egs.
possible junction temp
in order that the differ
less effective the heat
will increase, as show
air, or other fluids can

Guidelines to evaluate

igh power consumption at critical points where temperature differences are-z
tly in use for electronic cooling and should spread as the state of the art adva

bn of a thermoelectric cooling system, the effectiveness of auxiliary systems
unctions is important. Assume that heat will be absorbed and rejected by us

HOT SIDE

FINS

ELECTRICAL
INSULAT|ON

THERMOELEMENTS

POWER
SUPPLY,
DC

—— POWER
SUPPLY, AC

COLD SIDE

Figure 3B-52 - Thermoelectric System (Ref. 22)

3B-48 and 3B-49 indicates-that for a given cooling load, it is desirable to re
brature. Similarily, on.the cold side, the effectiveness of absorbing heat should

transfer, the greater will be the temperature difference between the junction
N by a reductionin coefficient of performance. Conventional auxiliary systems
effectively improve performance by forced convection at both the hot and colg

a thermoelectric cooling cycle are suggested as follows:

rge. However, special
nces.

for transferring heat at
ng fins to surrounding

ect heat at the lowest
be as high as possible

bnce between the ¢old junction temperature and the cooled space temperatyire is a minimum. The

5. Power requirements
such as blowers, ram
junctions.

1. Determine the

caoling and heating requirements and the range of temperatures expected for

hot and cold junctions.

2. Determine the
3.

cooling).
4. Determine the
5. Determine the
6. Determine the

space and weight limitations.

size, number and arrangement of thermoelectric couples or modules.
current and voltage requirements.

heat rejection media and auxiliary equipment.

Determine the methods for heat transfer at the hot and cold junction (free convection, radiation, or mass forced
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SECTION 3C - HEATING SYSTEM DESIGN
1. INTRODUCTION
1.1 Scope

At subsonic airspeeds, heating systems are of major importance, because large capacity heating systems are necessary to
make up for heat losses to the cold outside air. With the advent of supersonic speeds for both missiles and aircraft, heating
has assumed a minor role, although it is usually required for certain regimes of flight and the rapid warmup of cold-soaked
aircraft on the ground.

The advanced performance of modern aircraft requires an increase in the amount of specialized equipment that must be
regarded as essential for maintaining performance. Foremost of these specialized functions are air conditioning and
pressurization systems. It is important to treat the area of air conditioning (cooling, heating, humidification, dehumidification,
ventilation, and press |ri7nfinn) as a complete pn’ri’ry, and not as separate and uncoardinated dnqign activities, so that

satisfactory operation with the simplest and lightest configuration is obtained.

1.2 Common AbbreyYiations

°F  — Degrees Fahrenheit
ft — Feet
Ref. — Referencg

2. HEATING METHQDS
2.1 Bypass Systems

Heating may be supplied to the occupied areas of an aircraft By/bypassing the cooling turbine or the fam air heat exchanger
of an air cycle refrigeration system, or both. This method is"applicable to both bleed air supply or sugply from engine driven
compressors. Thus th¢ heat of compression from the pressurization compressor or the main engine{ compressor is usually
adequate for most requirements.

A valve is used occasionally to increase the back pressure on the engine-driven compressof, thus increasing the
temperature rise acrogs the compressors. Eorproper operation, fairly high cabin differential pressures are necessary, and
sufficient pressure mupt be available from the engine driven compressors to ensure an adequate flqw to the cabin against
the back pressure of the valve.

If additional heating is required_beyond what is available from the heat of compression, a supplementary electric or
combustion heater can be used'as described below.

Circumstances that would\préclude this system from being fully effective are operation at low cabin differential pressures
and a low compressor|output.

2.2 Electric Heaters

Electric heaters normally consist of resistor elements that heat the air passing through the heater. Recently, extended
surface (plate fin) heat exchanger elements with applied ceramic-coated electrical conducting material on each side of the
elements have been developed. An epoxy-resin insulating film is added for protection, and heating is modulated in finite
steps.

Units have been built that withstand surface temperatures of 500°F, but normal operating surface temperatures are in the
order of 200-250°F. These units are characterized by their compact, lightweight configuration, and provide an efficient mode
of heating aircraft or missiles. (See Ref. 1.)
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2.3 Radiant Panels

Cold wall and floor surfaces close to seated passengers can be eliminated by the use of electrically heated radiant panels.
Surface temperatures are limited to temperatures slightly higher than the prevailing cabin air, thus walls contribute only a
small amount of heat into the cabin. In essence, they operate as a barrier and greatly decrease the heat loss from the cabin.

A typical configuration consists of aluminum honeycomb filler, sandwiched between two aluminum plates, and having
aluminum braided resistance wire buried in the honeycomb inside the outer sheet. The wire, similar to that used in domestic
electric blankets, is spirally wound on a thread of dielectric material to prevent breakage due to deflection of the panels.

Typical power dissipation values vary from 10 to 400 watts/ft2. Resistance temperature sensors are also embedded in the
honeycomb for modulated thermal control. These panels permit an installation of little additional weight, since the
honeycomb panels are still needed for trimming. (See Ref. 1.)

2.4 Combustion Heaters

Self-contained combusgtion heaters can be used to provide the required amount of heating, or be usg
forms of heating. Such heaters are comprised of an internal burner operating in a combustign char
cabin air supply is directed. Provisions are made to prevent the cabin supply air from coming'into cg
for combustion and thlis becoming contaminated by the products of combustion.

bd to supplement other
nber around which the
ntact with the air used

The cabin air passes
increased by the trans
maintain the required
line rupture or flame-o

The combustion air is U

petween the main heater casing and the exterior of the combustion chamber
fer of heat from the double wall of the combustion chamber. The hot air then p
cabin temperature. Precautions must be taken to prevent an uncontrolled flov
Lt of the internal burner.

its temperature being
asses into the cabin to
of fuel in case of fuel

formation. Combustion

sually obtained from a forward facing scoop, adequately protected against ice
eavy, thus posing a number of installation problems, not the least of which is the need to ensure that
d completely. For ground operation, a combustion air blower is required. (Se¢ Ref. 2.)

heaters are large and
the fire risk is eliminat

2.5 Exhaust Heating

Two methods are available for applying exhaust air heating:

1. A muff, or air ¢ am air can be directed

through the m

uct, can be built around the‘hottest parts of the engine exhaust system, and 1
ff to be heated by the'heat transferred from the hot surfaces.

A portion of the exhaust gases ¢an be fed to a heat exchanger to heat the ram or recirculateq
then be directg¢d to areas reguiring heating.

air or both, which can

The products of combyistion must.not leak into the muff or through the structure of the heat exchangg¢r and contaminate the
air supply. For this regson, and also because of the difficulty in obtaining sufficient air flow and heaf for cabin heating, this
method lends itself mgre specifically to de-icing and similar applications.

3. SUMMARY AND RECOMMENDATIONS

The selection and comparison of various heater methods depend almost entirely on the specific application. The simplest
and lightest method for heating is obtained by using the heat of compression from the engine-driven pressurization
compressor or the main engine bleed. The bleed heating method has been used primarily for military applications because
of possible contamination of the bleed air. Commercial jet aircraft can use engine-bleed air for heating, with considerable
savings in weight and complication because the design of oil systems and seals in jet engines takes into consideration the
importance of clean engine-bleed air.

For aircraft equipped with pressurization compressors, discharge air is readily available for heating. Supplementary heat is
then supplied by a lightweight electric duct heater, which is sized to provide sufficient heating for rapid warmup of a cold-
soaked aircraft on the ground.
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