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NOTICES

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby in-
cur snoresponsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other person or corporation,or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in any way
be related thereto.

The information furnished herewith is made available for study
upon the understanding that the Government’s proprietary interests in
and relating thereto shall not be impaired. It is desired that the Judge
Advocate (WCJ), Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, be promptly notified of any apparent conflict be-
tween the Government’s proprietary interests and those of others.

This document contains information affecting the National defense of the United
States within the meaning of the Espionage Laws, Title 18, U.5.C., Sections 793 and
794. lts transmission or the revelation of its contents in any manner to an unauthorized
person is prohibited by law.
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FOREWORD

This report was prepared in the Mechanical Engineering Department
of the Ohio State University by S. M. Marco, W. Robinson, M. L. Smith,
Y. H, Sun, T*, C, Taylor and R, H. Zimmerman. The work was performed
under Contract AF33(038)-23288 with The Ohio State University Research
Foundation. It wag administered under the direction of the Power Plant
Laboratory, Directorate of Laboratories, Wright Air Development Center,
Mr., D. M, Chisel acting as project engineer, The research covered in
this revort was started 1 April 1951 and was completed 30 June 1952,
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ABSTRACT

Methods of controlling equipment temperature rise in airborne compart-
ments at supersonic flight speed are investigated. Design and performance
data for expanded ram air cooling systems and various types of fuel-cooled
equipment cases are presented for steady-state thermal operation, Other
methods of controlling temperature rise are analyzed for transient thermal
. performance and design procedures for their avpplications are developed.
Calculation methods are given in detail, Design procedures are illustra-
ted by examples, The performance characteristics of the following methods
are investigated (1) insulation of equipment compartment walls without
cooling, (2) insulation of individual equipment items, (3) fuel-jacketing
of ecuipment compartments, (4) cooling of the compartment atmosphere by means
of a central fuel-cooled heat exchanger, (5) cooling of individual equipment
items by installation on a fuel-cooled plate, and (6) cooling of individual
equipment items by evaporation of an expendable coolant, Methods of analysis
and criteria for the selection of specific means for the control of tempera-
ture rise are emphasized, The large number of variables by which each prac-
tical situation would be defined does not permit a concise description of the
optisum range of conditions for the apvlication of each method.

The security classification of the title of this report is UNCLASSIFIED.

PUBLICATION REVIEW
The publication of this report does not constitute approval by
the Air Force of the findingsg or the conclusions contained therein., It is
published only for the exchange and stimulation of ideas,

FOR THE COMMANDER:

/ ORMAN C. APPOLD
Colonel, USAF

Chief, Power Plant laboratory
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—€ONADENTIAL =

"INTRODUCTION

This report is concerned with thb presentation of the information de-

iveloped in an investigation with the general objective of studying methods

of cooling sirborne equipment, but specifically intended to produce data on
methods for controlling the tempersasture rise of electronic and mechanical
control equipment components in ramjet installations. Therefore, only
Sections I and II are concerned with analyses assuming steady-state thermal
operation, while Sections III through XI and Appendix III on fuel tempera-
ture rise in flight are concerned with methods of analysis and results
obtained in the study of transient thermal operation. The latter approach

‘has been chosen because when operating under constant environmental condi-

tions conducive to high heat gain, few equipments would reach.thermal
equilibrium in less than two hours, which has been oonsidered as a reason-
'sbly long operating time for the specified applications under consideration,
The reductions in size and weight of insulation or cooling apparatus, :
realized by designing for specified términal temperatures to be reached in
‘the transient state, rather then to be maintained in the steady state under
terminal environmental conditions, are substantial, as indicated repeatedly
in this report.

It has been the intention in preparing this report to present in
each section a phase of study as a self-contained unit since the variety of
aspects covered in the report has not been found to lend itself reedily to
Jjoint summerization. Therefore, the summery presented in each section after
the introductory remarks is intended ﬁo provide an indication of the analyses,
data, conclusions, design procedures, etc. contained in that particular sec-
tion. Throughout the report methods of analysis, calculations and design are
emphasized since it is intended to provide the necessary information that
would enable the reader to cope with gpecific problems of similar nature in
which all variables are defined. Becduse of the large number of variables
end their possible combinations few unconditional recommendations are pre-
sented. Instead an attempt is made to develop in each secticn the necessary
eriteria for the selection of each means of limiting equipment temperature
rise, as summarized in Section XI.

Section I is concerned with the analysis, performance and design of
expanded ram air systems for compartment or heat exchanger cooling by means
of atmospheric air reduced in temperature by expansion through a turbine
operating under load. Off-design performance of such systems is not analyzed
but indications of size, weight and most practical ranges of design operating
conditions are given on the basis of steady-state performance. Section II
deals with the evaluation of various heat exchanger :configurations, as
applied to equipment cases cooled by fuel flow to the power plant. The per-
formance of the heat exchangers is analyzed in terms of steady-state operation,
but can be interpreted on the basis of a constant temperature difference
between the fuel coolant and the internal equipment atmosphere which may cause
the equipment temperature to vary with the fuel temperature, while the rate of
heat generation within the equipment case would remain constant. Sections I
and II need not be studied for an understanding of the subsequent sections.
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WA

Sections III through XI are interrelated in that they are all concerned
with non-steady state analysis and methods of controlling temperature rise, .
taking into account thermal capacity of equipment and compartment, with and
without heat generation. In Section III a general system for transient
analysis of installation compartments is developed which takes into consi-
deration most possible variables. Section IV contains a study on skin tem-
perature rise which indicates the basis for simplifying assumptions made in
the subsequent sections. Sections IV through X deal with specific character-

Jdstics of the various methods suggested as applicable to the control of
equipment temperature rise., In these sections, in particular, procedures
of analysis, calculation and design should be noted since they are general
and can be applied readily to fully defined situations. As mentioned pre-
viously, Section XI summarizes the criteria for the selection of methods in

specific situations, based on the preceding seven sections, and is intended
to outline a design approach.

. This report does not present a specific recommendation for every situa-
tion that may be encountered when an attempt is made to control the tempera-
ture rise of equipment components at high flight speed. However, it is
believed to fulfill two functions. First, it demonstrates the feasibility
of temperature rise limitation by simple means for relatively long flight
times and severe environmental conditions. Second, it provides calculation
methods for analysis and design which can be utilized without undue effort
to the solution of specific problems.
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SECTION I

GENERAL PERFORMANCE ARD PHYSICAL CHARACTERISTICS OF EXPANDED
RAM ATR SYSTEMS

By M. L. Smith and R. H. Zimmerman

Utilization of atmospheric air as a thermsal sink for direct cooling of
aircraft auxiliaries, i.e. by air teken sboard an aircraft and passed directly
over or through the equipments to be cooled, is limited by flight speed of the
aircraft. The temperature of the air once sboard the aircraft is equal to or
exceeds the desirable operating temperature level for most aircraft auxiliar-
ies whenever the flight Mach number is in excess of the range 1.0 to 1l.5.
From a practical viewpoint, this type of direct cooling is limited to air-
craft designed for flight in the subsonic range, since for flight in the
supersonic range, even when the temperature of the ram cooling air does not
exceed the desired temperature level of the equipment, the quantity of cool-
ing air required becomes excessive as a result of the small temperature differ-
ential available for transfer of heat from the surfaces being cooled to the
air,

Practical utilization of atmospheric air for cooling of auxiliaries in
aircraft operating in the supersonic reglon requires, therefore, some means
for reducing the temperature of the air once it is sboard the aircraft. An
alr cycle refrigeration system capable of accomplishing this purpose, which
is mechanically relatively simple and does not require a separate high pres-
sure air source for operation, such as, for example, bleed air from a turbo-
Jjet engine compressor, is the expanded ram air system. This system depends
solely on ram air for its operation and consists of five baslc components.
They are: 1) rem intake, 2) expander, 3) heat exchanger, 4) compressor and
5) exhaust.

Atmospheric air is taken sboard the sircraft through a ram intake and
ducted directly to the expander component of the cycle. The ram intake must
elso serve as & means for pressure increase of the air, so that it may sub-
sequently be expanded in the cycle. Hence, the intake component must be
designed as an efficient diffuser, increasing the total pressure of the air
at discharge of the diffuser as nearly as possible to the total pressure of
the air in the free stream ahead of the intake. The intake component could
be separate from other intakes serving the alrcraft, but more logically would
be designed ss an integral part of any primary intake supplying atmospheric
air to a power plant.

The expander component of the system produces the refrigeration effect by
expanding the air to permit extraction of mechanical work and, thereby, reduc-
tion of the temperature of the air. This component would logically be a
steady-flow turbine of the axial or radial type. The temperature drop of the
air while passing through the turbine is a function of the air temperature at
entrance to the turbine, the pressure drop of the air across the turbine and
the efficiency of the turbine. Load for the turbine is provided by the com-
pressor component.
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The heat sink for the auxiliaries being cooled is the heat exchanger
located between the turbine and compressor. The cooled air leaving the
turbine passes directly through a heat exchanger which serves all equipments
being cooled. Sometimes, it may be practical to pass the refrigerated air
directly over or through one or several equipments within an installation
compartment. Then, the heat exchanger component of the system becomes the
heat transfer surfaces of the equipment items, and no intermediate heat
exchanger would be employed. Otherwise, the heat exchanger in the expanded
ram air system provides an intermediate heat transfer process when the refrig-
erated air would cool a circulating fluid pumped through the exchanger, and
the circulating fluid so cooled would be used to cool the various equipments.
Evaluation to determine the suitability of the expanded ram air system for
cooling equipment items in high-speed aircraft or missiles may be conducted
without detailed regard to the heat transfer processes required of the circu-
lating fluid.

The compressor component, which logically would be an axial or radial
steady-flow compressor, is directly coupled to the turbine, and serves the
dual purpose of providing a load for the turbine and of increasing the pres-
sure of the air before being discharged back to the atmosphere. The alr,
after being heated in the heat exchanger component, 1s ducted directly to the
intake of the compressor. Upon discharge from the compressor, the alr is
ducted to the exhaust component of the system. This component would dis-
charge the air from the aircraft parallel to the direction of flight when the
drag imposed by the system on the aircraft is to be minimized. Otherwise, it
might be discharged through a flush opening in the aircraft's skin normal to
the direction of flight or into another compartment of the airframe.

For aircraft designed to operate at supersonic speed, it is entirely
possible that a thermal sink is carried by the aircraft which is at a tempera-
ture above or nearly equal to the desired operating temperatures of the equip-
ments, but at a temperature lower than that of air taken aboard the aircraft.
Thus, the thermal sink would not be available for direct cooling of the equip-
ments. Also, since the thermal sink might be the fuel for the power plants or
some other liquid carried specifically for cooling purposes, it may not always
be feasible to employ direct,'liquid cooling of the equipments even if the
liquid temperature level is sufficiently low for direct cooling. The thermal
sink would be best utilized, therefore, by precooling the air used by the
expanded ram air system before it enters the turbine component of the cycle.
A heat exchanger placed in the air duct between the intake and the turbine
would be employed for precooling the air. By this addition, the expanded ram
alr system provides greater refrigeration effect, and would be applicable for

cooling of auxiliaries in aircraft operating at much higher flight speeds than
for the expanded ram system without a precooler.

This section is concerned with a study of several expanded ram air systems,
with and without precooling of the air, to determine the suitability of this
type of system for cooling auxiliaries in high-speed alrcraft and missiles.
Component sizes and weights are evaluated for various cooling capacities and
operational conditions of the aircraft. A heat exchanger, rather than an
equipment, is used in the study as the component by which the heat is rejected
to the cooling air. The average temperature of the heat exchange surfaces
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within the exchanger is varied in the range 140 to 440°F. Flight altitude
and speed for the study are 40,000 to 80,000 feet and Mach 1.5 to 3.0,

respectively.

SUMMARY

General performance and physical characteristics for the expanded ram
air system are presented. The heat exchange component is assumed to be a
tubular heat exchanger with the refrigerated alr flowing through the tubes.
Both radial and axial turbines and compressors are considered and external
dimensions of the units are presented.

The expanded ram air system appears as a practical means for cooling
aircraft equipments when 1) the desired temperature level for the equipments
is in the range of 200 to 500°F, 2) a source of air at a pressure sbove the
ram air pressure, such as bleed air from the mechanical compressor of a
turbojet engine, is not aveilable, 3) the design flight speed is within the
Mach nuwber range 1.0 to 2.5, 4) the design flight altitude is below 80,000
feet, 5) the design flight time is about 1.5 hours or greater, 6) an effic-
ient ram air intake can be provided, T) the total cooling load is 750 watts
or greater and 8) the relative location of the various equipments to be
cooled ies such that the expanded ram air system can be designed as a central
cooling system.

Systems employing radial turbines and axisl compressors are superior in
overall performance and size to those employing any other combination of
axial and radial turbines and compressors. A system having an axial turbine
and axial compressor has only slightly less bulk than one with a radial
turbine and axial compressor. Any system employing a radial {centrifugal)
compressor has considerably more bulk, whether the companion turbine is
radial or axial.

The bulk of a heat exchanger, radial turbine and axisl compressor com-
bination is on the order of 1/ cubic foot per kilowatt cooling capacity
within the range of operational and flight conditions for which the system
is best suited. Similarly, the bulk of a heat exchanger, axial turbine and
radial compressor amounts to about 1/3 cubic foot per kilowatt cooling
capacity. For the former combination, the bulk would be nearly evenly dis-
tributed between the three components. For the average application, the
bulk of an entire system would be on the order of 1/2 cubic foot per kilo-
watt cooling capacity, excluding the bulk of transfer lines and other
auxiliary equipment associated with the heat transfer process between the
surfaces of the equipments to be cooled and the heat exchenger in the
expanded ram air system. '

The weight of expanded ram air systems designed to operate within the
range of operational and flight conditions for which they are best suited
would be on the order of 15 to 25 pounds per kilowatt cooling capacity,
depending upon the distance to intake and exhaust from the turbine, heat
exchanger and compressor combination.
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Use of a precooling heat exchanger shead of the turbine for reduction
of the air temperature before expansion of the air through the turbine is an
effective means for extending the operation of the system to high flight
speed. The precooler is applicable only when a coolant is available which
is not suitable for direct cooling of the equipments and is at a temperature
below the temperature of the ram air. Precooling in an expanded ram air
system should be considered as an auxiliary or secondary method of providing
additional cooling capacity or extending the permissible operational range.

DESCRIPTION OF SYSTEMS AND EVALUATION METHODS

1. System Designs

A variety of designs for an expanded ram air system is possible by
employing various types of components. Since, however, details of all pos-
sible system designs could not be evaluated, it was necessary to select as
a basis for study several designs which are representative and include all
basic system components. Two basic system designs selected for study are
illustrated schematically in Figures I-1 and I-2. The design shown in Figure
I-1 is an expanded ram air system having an axisl-flow turbine and a radial-
flow compressor. The design shown in Figure I-2 is a expanded ram air system
having a precooling heat exchanger, a radial-flow turbine and an axial-flow
compressor and turbipe and the system with and without precooling are inclu-
ded in the study.

With reference to Figure I-1, station 0-0 defines the state of the
atmospheric alr ahead of the alrcraft where the pressure and temperature are
defined by the flight altitude. Station A-A represents the discharge plane
of the diffuser where both pressure and temperature of the air are appreci-
ably above those for the ambient atmosphere defined by station 0-0. The
state of the air at entrance to the turbine is defined at station B-B. Total
temperature at B-B would always be very nearly equal to that at station A-A,
but the total pressure at B-B is always less than at A-A because of frictional
resistance to flow imposed by the duct length. Conditions at discharge of
the turbine are defined by station C-C, where both pressure and temperature
are appreciably below those at station B-B. Station C'-C' defines the state
of the air in the inlet planes of the tubes within the heat exchanger. The
total temperature at C'-C' equals that at discharge of the turbine but the
total pressure here has been decreased to a slight extent because of loss in
the inlet header of the heat exchangers.

The total temperature of the air during passage through the heat
exchanger is increased due to rejection of heat by the coolant flowing in
crossflow over the external surfaces of the tubes. The total pressure of
the air at discharge of the heat exchanger, station D'-D', is lower than at
entrance to the exchanger as the result of frictional and momentum change
effects occurring during flow through the tubes. Station D-D defines the
state of the air at entrance to the centrifugal compression. The compressor
for the system is designed for maximum air capacity in order to minimize its
size for any specified cooling capacity of the system. The state of the air’
at discharge of the compressor is defined by station E-E, at entrance to the
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exhaust nozzie F-F, at the exit plane of nozzle G-G and in the final region -
bf discharge by H-H. Only convergent exhaust nozzles are considered. Thus,
in some instences the pressure in the exit plane, station G-G, exceeds the
back pressure on the nozzle, station H-H. The pressure in the discharge
region, station H-H, would be higher than the ambient atmospheric pressure,
station 0-0 in many installations.

Figure I-2 illustrates schematically an expanded ram air system employ-
1ng 8 radial-flow turbine and an axial-flow compressor. Also shown in this
schematic is the location of the precooling heat exchanger when employed as
‘a part of the system. The various stations located throughout the system
define states of the cooling air corresponding to those previously defined
for the system shown in Figure I-1, with the exception of stations A'-A' and
B'-B' which define the state of the air at inlet and exit of the precooling
heat exchenger, respectively.

2. Evaluation Methods

Methods used for analyzing the performance end physical character-
istics of expanded ram air systems ere presented in the Appendix to this
section. The analytical methods are based on conventional one-dimensional

" theory for steady compressible flow. Losses and inefficiencies for the
various components have been included in the analysis by applying correction
factors to ideal changes of state. The interrelation of heat transfer and
fluid friction for the heat exchanger component is handled in a rational pro-
cedure by considering the exchangers of tubular construction and the air used
by the expanded ram system as flowing through the tubes. Evaluation of pres-
sure loss due to this component for any specified cooling capacity is based
on compressible flow theory. Procedures of evaluation and working charts
used to determine results presented in this section are 1ncluded in the
Appendix to this section.

PHYSICAL CHARACTERISTICS AND PERFORMANCE OF SYSTEMS

Numerous expanded rem air systems were designed and evaluated to deter-
mine how their physical characteristics end performence would be affected by
operational conditions and design requirements. Size of the heat exchanger,
turbine and compressor components were determined and are shown in the plots
subsequently presented. The weight of the heat exchanger component is also
given. Weights of the turbine and compressor components sre not presented,
but may be defined by comparing the required size of the units with those of
existing turbines and compressors.

General results presented fcr the system with axial turbine shown in
Figure I-1 are based on turbine design for 70 per cent peak efficiency,
nozzle discharge angle of 20 degrees and a pitch-line velocity of the tur-
bine buckets equal to 45 per cent of the theoretical spouting velocity. The
theoretical spouting velocity of the turbine represents a measure of the
energy released by the air within the turbine, and a pitch-line veloecity of
the buckets equal to roughly 45 per cent of the velocity insures designs
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operating at or near the peak efficiency. The selection of 70 per cent for
the peak efficiency of the turbine is based on a study of peak efficiencies
for small radial and axial turbines where it was found that, although higher
peak efficiencies are sometimes attained, the value of TO per cent defines a
conservative average value which can be attalned for most units without undue
design effort and resulting excessive weight or bulk. Somewhat greater re-
frigeration capacity is obtained with a peak efficiency of 75 per cent, but
this increase is found to have only a minor effect upon the required sizes

of the system components. The selection of a design nozzle angle for the
turbine of 20 degrees represents a compromise between weight and peak
efficiency for the unit. Increasing the nozzle angle increases the air hand:
ling capacity of the turbine, thereby decreasing the required size for any
required air rate, but lowers the peak efficiency. The product of the mechan-
ical efficiencies for the turbine and compressor has been assumed equal to 90
per cent, representing mechanical losses of approximately 5 per cent of the
turbine output for both turbine and compressor.

The mechanical efficiencies of the turbine and compressor do not affect
.overall system performances to any appreciable extent. A low mechanical
efficiency reduces the power available for compression of the air, which in
turn affects the exhaust velocity and correspondingly the drag, but does not
influence the primary components or the cooling capacity of the system.
Similarly, high operating efficiency for the compressor would not be con-
sidered of principal importance to the system performance, since an increase
would be beneficial only from the standpoint of drag imposed on the aircraft
by the system. As a matter of fact, reduction in the desired efficiency level
of the compressor would permit some reduction in the required size of the
unit and mey result in a net practical advantage for the application of the
system, even though drag is increased. Centrifugal compressors having impel-
lers of 12-inch diameter are assumed to have a peak efficiency of 70 per cent,
and 2-inch impellers about 60 per cent. The peak efficiency is arbitrarily
assumed to vary linearly with size ofthe impeller within this range.

The efficlency of the diffuser is assumed to vary with the flight Mach
number, being 90, 80 and 70 per cent for flight Mach numbers of 1.0, 2.0 and
3.0, respectively. A study of performance of supersonic diffusers is used as
the basis for selection of this variation.

Maximum compactness and heat exchange capacity for the primary heat
exchanger of the system is obtdined by use of tubes having small diameter.
A tube diameter of 0.20 inches is selected for use with all systems designed
and evaluated. The total pressure loss of the air from discharge of the
diffuser to entrance of the turbine is assumed equal to 2 per cent of the
total pressure of the air developed by the diffuser, except when a precooling
heat exchanger is used. Similarly, the total pressure loss of the air from
discharge of the compressor to entrance of the exhaust nozzle is assumed equal
to 2 per cent of the total pressure of the air at discharge of the compressor.
Discharge pressure at exhaust, station H-H in Figure I-1, is assumed to be
equal to the ambient atmospheric pressure, station 0-0.

Radial turbines employed in systems illustrated in Figure I-2 are assumed
{0 have a peak efficiency of TO per cent for a ratio of the tip speed of the
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wheel to the theoretical spouting velocity of 0.60. Axial compressors are
designed on the basis of the rotor tip Mach number equal to unity and the
relative flow velocity of the air over the tip section of the blades corres-
ponding to a flow Mach number of 0.80. When precooling of the ram air is
used, the precooling heat exchanger is assumed to have an effectiveness of

0.80.

1. Nomenclature

Nomenclature used in Figures I-3 through I-22 is summarized below
for ready reference and identification of the various variables. A complete
list of nomenclature used for analysis and evaluation of this system is given
in the Appendix to this section.

flight altitude, ft.

external dlameter of axiasl compressor, psi.

Agy
dea
dgc external diameter of centrifugal compressor, in.
dTA external diameter of axial turbine, in.

dpg external diameter of radiel turbine, in.

dy diameter of heat exchanger, in.

Mach number, dimensionless

q. cooling capacity of system, watts
T, average surface temperature of heat exchanger, °R.
AT temperature difference of surface of heat exchahger and air

at discharge.of turbine, °F.
W. weight of heat exchanger, 1b.
b4 length of heat exchanger, in.

y ratio of absolute pressure of air to 14.7 psi abs.,
dimensionless.

My adisbatic efficiency of turbine, dimensionless.

¢ effectiveness of heat exchanger, dimensionless.

2. Effect of Cooling Capacity on System Requirements

The cooling capacity.of epexpanded ram air system designed to oper-
ate under specified flight and environmental conditions would very in direct
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proportion with the air rate handled by the system. Since the flow cross-
sectional areas required to handle the airflow vary in direct proportion to . !
the air rate,. other design conditions being equal, it would be expected that

diametrical dimensions of the system's components increase very nearly in

proportion to the square root of the cooling capacity of the system. |

Results of one study to determine the effect of cooling capacity on
system size are presented in Figure I-3. The system employs an axial-flow
turbine and a centrifugal compressor, and has the general arrangement of that
illustrated schematically in Figure I-l. Flight conditions are for an alti- ‘
tude of 80,000 feet and a Mach number of 2.0, The average temperature of the i
tube surface in the heat exchanger is 240°F, indicating that the various
equipment items being cooled would be maintained at surface temperatures in
the range of 300 to U50°F. The heat exchanger for the system is designed
for an effectiveness of 0.50 and a total pressure loss of 10 per cent of the
total pressure at entrance to the exchanger.

Variation of the external dismeters of the turbine, heat exchanger and
compressor 1s, for all practical purposes, in proportion to the square root
of the cooling capacity. The spatial requirements of the turbine, heat
exchanger and compressor amount to roughly 1/3 cublce foot per kilowati cool-
ing capacity. '

An entire expanded ram air system would occupy roughly 1/2 cubic foot
per kilowatt cooling, not inecluding the intake and exhaust components. The
centrifugal compressor accounts for nearly 35 per cent of the total space
required, the axial turbine about 20 per cent, the heat exchanger sbout 15
per cent, and interconnecting ducts, distribution components and extra
required space about 30 per cent. -Systems designed to operate at maximum
altitudes below 80,000 feet would have considersbly reduced spatial require-
ment. For example, at 40,000 feet altitude the turbine, compressor and heat
exchanger diameters would be 4O to 50 per cent of the values shown in Figure
I-3. Systems designed for lower maximum flight Mech numbers would not
require as much cooling air, but the air density throughout the system would
be lower, so that possible reduction in design size with decreased maximum
flight speed is not as great- as with decrease in design altitude.  The heat
exchanger configurations for the system designs illustrated in Figure I-3
are "doughnut" shaped, having length-to-diameter ratios ranging from 0.33 to

0.70, thereby permitting compact arrangement of the compressor with the tur-
bine.

The weight of the heat exchanger component for verious system designs is
shown in Figure I-k.

Weight of the heat exchanger is evaluated on the basis that it would be
constructed of aluminum having tubes of 0.2 inch inside diameter and 0.015
inch wall thickness. It 1s assumed that the cross-sectional area of the
exchanger is twice the cross-sectional flow area of the tubes, the outer
shell to be of 30 gage aluminum, and that two tube sheets and one tube
support, 0.0625 inch in thickness, would be used.

The weight of the heat exchanger is very nearly in direct proportion to P
the cooling capacity of the system. Minimum weight of the exchanger occurs .
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for systems designed for low flight altitude and speed and relatively low
heat exchange effectiveness. Exchangers designed for high effectiveness have
reduced cross-sectional area and greater length, but the required increase in
length always creates a weight increase greater than the reduction due to the
smaller cross-section. The weight of the heat exchanger is minimized by
design for low effectiveness, 6of 0.3 or less. However, design for low
effectiveness of the heat exchanger increases the required cooling air rate
and, thereby, increases the required size of all other components of the
system. Minimum size for the entire system is obtained, therefore, by design
of the heat exchanger for high effectiveness which generally would be in the
range of 0.80 to 0.95.

The increase in exchangerweight for systems designed to operate at higher
flight speeds is due to the increased temperature of the air at entrance to
the heat exchanger. Consequently, less heat can be dissipated in the exchanger
per pound of air flowing per second and the air rate for the system must be
increased. The weight of all components' of the system increases with design
for higher flight speed. A comparison is shown in Figure I-h for two systems
designed on a comparsble basis, except for the pressure loss across the heat
exchanger, being 10 per cent or 25 per cent for 80,000 feet altitude. The
weight of the heat exchanger is approximately the same for both designs. The
greater pressure loss permits design of the heat exchanger for higher flow
velocity, but also increases the back pressure on the turbine which increases
the air rate required to meet the required cooling capacity.

3. Effect of Heat Exchanger Surface Temperature and Turbine
Discharge Temperature on System Requirements ’

The average surface temperature of the heat ezchanger T, is used as
an index to the desired temperature of the equipments to be cooled. The
difference of the average temperature T, and the total temperature of the
cooling air at entrance to the heat exchanger T, is represented by AT, a
temperature parameter useful for interpretationof the heat exchanger design.
Combination of the temperature Ty; and the temperature difference AT also
defines the required temperature of the cooling air at discharge of the
turbine. The effect of average surface T, and the temperature difference AT
on the diemeters of the heat exchanger, turbine and compressor for the system
shown in Figure I-1 is given in Figures I-5, I-6 and I-7, respectively. The
cooling capacity of the system is 1000 watts and the flight condition is an
altitude of 80,000 feet and a Mach number of 2.0. The lines of constant tem-
perature differential AT shown in these plots are limited on the right by the
condition that the combination of the average surface temperature T,; and the
temperature differential AT defines a temperature of the air at discharge of
the turbine equal to the total temperature of the air ahead of the turbine,
i.e. the rem temperature. Thus, at this condition and for higher surface
temperatures the turbine component of the system is not required and the
simple ram air system is more than adequate for meeting the cooling require-~
ments. The curves of constant temperature differential AT are limited on the
left in Figures I-5, I-6 and I-7 by the condition when the total pressure at
discharge of the turbine equals the atmospheric pressure. This limit is
arbitrarily defined, since pressures below atmospheric at exit of the turbine
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could be employed with meny designs, but the increase in cooling capacity
resulting from additional expansion of the air would hardly compensate for
the increased component size due to the lowered air density throughout the
turbine, heat exchanger, compressor and exhaust components.

The effect of the design temperature differential AT on component size
is not great. Design for large values of the temperature differential
requires greater expansion of the air by the turbine so that the average
density level of the cooling air is lowered. This effect in combination
with the reduced cooling air rate required with increased temperature differ-
ential results in but smell change in the component size, except when the
temperature differential is quite small. The latter condition is of no
appreciable importance to evaluation of the system. When the temperature
level of the equipments to be cooled is in the range 400° to 500°F, neces-
sitating an average surface temperature for the heat exchanger of about 350°
to 375°F, 810° to 835°R, the optimum temperature differential AT is in the
range 150° to 200°F; say, for example, 175°F. Thus, the temperature at dis-
charge of the turbine would be about 650°R, and since the ram temperature for
the specified flight condition is about 710°R, the required temperature drop
of the air across the turbine is about 60°F. The pressure ratio of the cool-
ing air across the turbine would be about 1.6 to 1 while the total pressure
ratio developed during diffusion is nearly 5.3. Hence, maximum refrigeration
of the air is not always desirable. Equipments requiring temperature levels
maintained at about 200°F would necessitate an average surface of the heat
exchanger in the range of 100° to 150°F, i.e. Ty from 560 to 610°R. For
this temperature range the expanded ram air system should produce as large
a refrigeration effect as is practically feasible. The optimum temperature
differential is about 75°F, requiring the turbine discharge temperature to
be roughly 50°F. The turbine expansion ratio required to produce this
refrigeration effect is very nearly equal to that produced by the diffusion
processéof the intske, as may be noted by the dashed line shown in Figures
I-5, I-6, 1I-7.

Size of the components is principally a function of the desired tem-
perature level, defined by the average surface temperature Ty, the effec-
tiveness of heat exchange and the flight altitude and speed. Two representa-
tive values of the average surface temperature Ty, required for the usual
types of cooling problems sre 625°R and 825°R. For the specified flight
conditions of 80,000 feet altitude and a Mach number of 2.0, and an effective.
ness of 0.5, the required radial dimensions of the heat exchanger, axial
turbine and centrifugal compressor would be 7 inches, 8 inches and 12 inches,
respectively, for an average surface temperature of 625°R, and 3 inches, &
inches and 5 inches, respectively, for an average surface temperature of
825°R. If the effectiveness of the heat exchanger would be increased to
0.9, the radial dimensions of the exchanger, axial turbine and centrifugal
compressor for an average surface temperature of 825°R would be reduced to
roughly 2.5 inches, 3.25 inches and L inches, respectively.

The axial length of the heat exchanger required for an effectiveness of
0.50, as affected by the average surface temperature of the heat exchanger
and the turbine discharge temperature is illustrated in Figure I-8. The
required length is 6 to 6.5 inches for turbulent flow and from about 4 to 6
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inches for laminar flow. A crossplot to illustrate the effect of the temper- )
ature difference AT on the required size of the radial compressor is shown

in Figure I-9. The external diameter of the compressor is not greatly affected .
by the magnitude of the operating temperature differential AT.

4. Effect of Design Altitude and Flight Speed on Component Size

The influence of design altitude and flight speed on the size of the
heat exchanger, axial turbine and centrifugal compressor components for
various average surface temperatures of the heat exchanger is shown in
Figures I-10, I-11 and I-12. Design dimensions for altitudes of 40,000 and
80,000 feet and flight Mach numbers of 1.5, 2.0, 2.5 and 3.0 are presented.
Component sizes presented in these plots correspond to their minimum values,
obtained by taking envelopes of the curves such as shown in Figure I-5, I-6,
Radial dimensions of the three components vary about as the square root of
the ambient air density. The ratio of air density at 80,000 feet to that at
40,000 feet is sbout 0.15, so that component sizes for design at 40,000 feet
are very nearly UO per cent of those required for a design altitude of
80,000 feet. The effect of design flight speed on component size is
appreciable at flight Mach numbers above sbout 2.0. The radial dimensions
increase roughly 75 per cent for typicel designs when the design flight Mach
number is increased from 2.5 to 3.0. The components are relatively small in
‘8ize for design Mach numbers below 2.0 and design altitudes below about
60,000 feet. Increasing the design heat exchanger effectiveness from 0.5 to
0.9 would reduce the radisl dimensions for the three components by about 25
per cent. Thus, for an expanded ram air system having an axial turbine,
radial compressor and heat exchanger having en effectiveness of 0.90, the
radial dimensions of these three components required for a system designed |
to produce 1000 watts cooling at a flight Mach number of 2.0, an altitude of
80,000 feet and an average surface temperature of the heat exchanger of TOO°R
would be sbout 4.3 inches, 5.9 inches and 3.7 inches, respectively. It would
appear that weight and spatial requirements of this type system required for
a cooling capacity greater than sbout 1500 watts are excessive when the
design operational condition is for flight Mach numbers of 2.5 and higher at
altitudes above about 60,000 feet. Required component size appears reason-
able for systems applied to aircraft operating at Mach numbers below 2.5 and
altitudes in the range from sea level to 60,000 feet.

The influence of design altitude on component sizes for the system shown
in Figure I-1 is presented in Figure I-13 for flight Mach numbers of 2.0 and
3.0. Increase in component size required at higher altitude is due entirely
to reduced density level of the cooling air. The large component sizesrequired
for high altitude and high flight Mach number are apparent from this plot.
Component sizes required for various values of the average surface temperature
of the heat exchanger are shown in Figure I-1%. The turbine design is controlled
to provide a constant discharge temperature of 500°R. Thus with constant turbine 1
discharge temperature, the degree of expansion of the air through the turbine
remains constant and the resulting air density at entrance to the heat exchanger
is constant. For the specified cooling capacity of 500 watts, as the inlet
temperature differential AT increases, due to higher surface temperature, a
reduced flow rate is required and the radial dimensions required for the’
various components decrease.
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5. Comparison of Axial and R'ad.ial Turbines and Compressors

The expanded ram air system could employ a radial or axial turbine .
for the expansioén component in the cycle and, likewise, could employ a radial
or axial compressor for the compression component. FPhysical characteristics
of expanded ram air systems presented throughout the preceding discussion have
been for the system shown in Figure I-1, which employs an axlial turbine and a
radial compressor. This section considers the system shown in Figure I-2,
which employs a radial turbine and an axial compressor, as well as the rela-
tive merits of axial versus radial units.

For expanded ram air systems, the axial compressor is superior to the
radial compressor because of its greater air flow capacity per unit frontal
area and higher rotational speeds. These two features permit reduction of not
only the weight and space of the compressor component, but also of the turbine
component, whether for a radial or axial turbine. Axial compressor design
employed for the expanded ram air system favors air flow capacity over effic-
iency and pressure producing ability. In other words, the axial compressors are
not designed to attain maximum efficiency or produce the greatest increase in
air pressure, rather the emphasis is placed on design for small size and weight.-
Design of this type results in an increased drag on the aircraft created by the
cooling air, but a reduced drag due to the lowered weight of the cooling system.
Depending upon the type of aircraft and its operational conditions, a net re-
duction in drag would be expected with most systems when the axial compressor
is employed.

The differences in performance and physical characteristics for radial
and axial turbines are not as pronounced as for the axial and radial compres-
sors. The radial turbine is somewhat larger than an axial unit, when operating
wvith the same type compressor, but has the important advantages of somewhat
higher efficiency and better rotor proportions, particularly when the required
size 1s small. From an overall viewpoint, it appears that expanded ram air
systems employing radial turbines and axial compressors are superior to those
having axial turbines and radial compressors.

A comparison of the external diameters for axial and cemtrifugal com-
pressors is presented in Figure I-15. The comparison is shown for a range of
values for the average surface temperature of the heat exchanger, altitudes of
40,000 and 80,000 feet, and flight Mach numbers of 1.5, 2.0 and 3.0. The cen-
trifugal compressor is driven by an axial turbine, as illustrated in Figure
I-1, and the axial compressor by a radial turbine, Figure I-2. For comparsble
operational conditions of the system, the external diameter of the axial com-
pressor is from 40 to 50 per cent of that required of the centrifugal compressor.
The length of an axial compressor for an expanded ram air system would be some-
what greater but comparable to that of a centrifugal compressor. Thus, the
~ spatial requirements are greatly reduced,as would be the weight. Savings in

weight, and space of a system employing an axial compressor in favor of the
centrifugal unit are greatest at high flight Mach number and low average sur-
face temperature of the heat exchanger.

Relative size of axial and radial turbines are shown in Figure I-16 for
various values of the average surface temperature of the heat exchanger, flight .
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Mach number and flight altitude. The radial turbine drives an axial com-
pressor, Figure I-2, and the axial turbine drives a radial compressor,
Figure I-1. Differences in size are not great for operational conditions -
. of low altitude, say below 60,000 feet, and flight Mach number below sbout
2.0. In this range the external diameter for the axial turbine is from 60
to TO per cent of that required for the radial turbine. Under operational
conditions of high altitude and high flight Mach number, above 2.5, the 4if-
ference in required external diameter becomes appreciable. ' .

The size of either type turbine is greatly affected by the type com-
pressor used for the turbine's load. This is illustrated in Figure I-1T7,
where the required external diameter of an axial turbine is presented as a
function of the average surface temperature of the heat exchanger for both
centrifugal and axial compressors. The turbine is considerably smeller when
driving en axial compressor, chiefly becasuse of the higher rotational speed
permitted with this arrangement. For example, at an average surface tempera-
ture of 64O°R and flight conditions of 80,000 feet and a Mach number of 2.0,
the turbine's external diameter when driving an axial compressor is about
50 per cent of that required when driving a centrifugal compressor. The dif-
ference is somewhat less for lower flight altitudes and Mach numbers and for
high equipment temperatures, but, in general, is sufficiently great to indicate
the superiority of the axial-type compressor for the expanded ram air sysiem.
The relative size of radial and axial turbines when driving axial compressors
may be compared by Figures I-16 and I-17. On the average, the external
diameter of the radial turbine is 15 to 30 per cent greater than for the axial
turbine. Operational conditions of high equipment temperature and low flight
altitude results in very small difference between the diameters required for
axial and rediel turbines.

For flight conditions corresponding to an altitude of 80,000 feet and
a Mach number of 2.0, the spatial requirement of an expanded ram air system
having an average heat exchanger surface temperature of about 200°F and a
radial turbine and axial compressor is about 1/ cubic foot per kilowatt
cooling capacity, not including intake or exhsust components. This amounts
to roughly 75 per cent of the bulk required for systems employing axial
turbines and radial compressors. The bulk of a system having a radial tur-
bine and an axial compressor would be fairly evenly distributed between the
turbine, heat exchanger and cempresser.

6. Influence of Effectiveness and Pressure Loss of Heat Exchanger
on Component Size

An increase in the design effectiveness of the heat exchanger reduces
in direct proportion the amount of cooling air required for any specified
cooling capacity of the system. This reduction in air rate decreases the
required size of all system components, except the heat exchanger. Should
the weight and bulk of the heat eschanger represent a small percentage of the
system weight and bulk, it would be desirable to employ heat exchangers having
high effectiveness. Normally this is the situation for the expanded rem air
system. Figure I-18 presents for the system described in Figure I-1 the
variation of component dimensions and heat exchanger weight as a function of
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_ Figure I-18
Effect of Heat Exchanger Design Effectiveness on
Component Siszes and Heat Exchanger Weight for
Axial Turbine and Centrifugal Compressor
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the design effectiveness. The diameters of the turbine and compressor
decrease appreciably with increasing effectiveness. For a specified air .
pressure loss scvoss the heat exchanger, the diameter of the heat exchanger

is a minimum at an effectiveness of ebout 0.70. A minimum value for this

dimension is reached since an increase in effectiveness reduces the required

air rate but also reduces the permissible flow-Mach number at inlet of the

tubes in order that the pressure loss across the heat exchanger remains con-

stant. The volume and weight of the heat exchanger always increase with

increasing effectiveness. Detailed study of expanded ram air systems to

determine the design effectiveness for the heat exchanger resulting in min-

imum overall drag imposed on an aircraft has not been conducted. However, on

basis of the available data it should be condluded that the optimum effective-

ness lies in the range 0.80 to 0.95 for most expanded ram air systems.

For systems employing axial comprssors and radial turbines, as illus-
trated in Figure I-2, the design effectiveness of the heat exchanger influen-
ces the component size in a manner similar to that for systems employing axial
turbines and radiasl compressors, Figure I-1. This is illustrated in Figure
I-19 vhere the external diameters of an axial compressor, radial turbine,
axial turbine and the heat exchanger are presented for effectiveness of the

heat exchanger from 0.30 to 0.90. :

The influence of total pressure loss across the heat exchanger on
component size is presented in Figure 1-20 for typical operational conditions
of an expanded ram air system. An increase in the total pressure loss, i.e.
lower values of the pressure ratio §./§ as shown in the plot, increases
the permissible flow Mach number at tile ifilet to the heat exchanger and,
thereby, reduces the required size and weight of the heat exchanger. Exter-
nal diameters of the compressor and turbine increase with increased pressure
loss due to the reduced air density at inlet to the compressor. The compres-
sor size must be increased to sscommodate the same air flow, but this results.
in a lower rotational speed for the compressor and, consequently, larger
required size of the turbine. A pressure loss across the heat exchanger of
about 10 per cent appears to be a practical design value. When the bulk and
weight of the heat exchanger represent an important part of the system bulk
and weight, and the. drag imposed upon the aircraft i1s critical, it would be
desirable to conduct fairly extensive performance analysis of the system to
define an optimum value for the pressure loss of the heat exchanger.

Typical values of the duct diameter required to transport the cool-
ing air from the intake of the system to the turbine are shown in Figure I-21.
The duct diameter would vary in proportion to the square root of the cooling
capacity of the system, other operational conditions remaining the same. For
example, a duct of roughly 1l.25-inch diameter would be required for a cooling
capacity of 1000 watts and a duct length of five feet at a flight speed of
Mach 2.0 and 60,000 feet altitude.

7. Influence of Precooling on System Cooling Capacity

The potential for increasing the cooling capacity of an expanded ram
alr system by use of a heat exchanger ahead of the turbine is presented in ‘ .
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Figure 1-22. The graph presents values of the turbine discharge tempera-
ture which could be obtalned for various amounts of cooling in the precooling
heat exchanger. The temperature of the precoolant and the effectiveness of
the heat exchanger are assumed to be 600°R and 0.80, respectively. Also, it
is assumed that the turbine discharge pressure is atmospheric and the turbine
has an efficiency of 70 per cent. The total pressure ratio of the air from
discharge of the diffuser to inlet of the turbine is 0.91 accounting for
pressure loss of the ducting and the heat exchangers. It is unlikely that
precoolant temperatures much less than 600°R would be available since other-
wise the precoolant would be used to cool equipments directly.

As shown in Figure I-22, a minimum turbine discharge temperature is
reached for each flight Mach number, because the amount of precooling is
limited by the precoolant temperature of 600°R and the heat exchanger effec-
tiveness of 0.80. Also, as the turbine inlet temperature is reduced by pre-
cooling, equal pressure ratios across the turbine yield lower temperature
drops of the cooling air, since the tempersture drop across the turbine for
any fixed pressure ratio is proportional to the absolute temperature of the
air at the turbine inlet. The minimum turbine discharge temperature at a
flight Mach number of 3.0 is -6°F, whereas without precooling this tempera-
ture would be about 247°F.

Effective operation of the expanded ram eir system may be extended
to higher flight speed by use of precooling. Without precooling at a flight
Mach number of 2.0, the turbine discharge temperature is 60°F, a limiting
value for the system when used to cool low-temperature equipments. However,
this seme temperature is possible at flight Mach numbers of 2.5 and 3.0 by
precooling to the extent of 4100 and 9750 Btu per hour, respectively, i.e.
precooling of 1200 and 2860 watts. Precooling, like other auxiliary devices
used to extend performsnce of any power plant or cooling system, is basically
inefficient in that normally it requires dissipation of more heat in the
precooler than it makes possible to dissipate by the cooling system. It is
doubtful if precooling would ever be employed unless the precoolant would be
fuel and equipment temperatures must be maintained at relatively low values
at flight Mach numbers in the range of 2.5 to 3.5.
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APPENDIX TO SECTION I

ANALYSIS AND EVALUATION PROCEDURES FCR THE DETERMINATION OF PERFCRMANCE AND
PHYSICAL CHARACTERISTICS OF EXPANDED RAN AIR SYSTEMS

1. Nomenclature

Symbols for general concepts:
A, Altitude, £t
a ‘ Cross-sectional area for flow, in.?
Co Theoretical spouting velocity of turbine, ft/sec
Diameter, in.
Darcy friction factor, dimensionless
Dimensional consﬁant, 2.2 1b/slug

d
b o
g
G Flow rate, 1b/sec
h Turbine bucket height, in.
k

Ratio of specific heat at constant pressure to
specific heat at constant volume, Btu/lb-°F

M Mach number, dimensionless
N Rotationai speed, rpm
P Pregsure, p.s.i. abs.
q. ' Cooling capacity, watts
R Gas comf.ant, ft/°R
Re Reynolds number, dimensionless
8 Stress, p.s.i..
T Temperature, °R
AT : Difference of surface temperature of heat exchanger
Ty and discharge temperature of turbine T,
u Flow velocity, ft/sec
w Weight, 1b
x Length, in.
WADC-TR 53-114 Lo
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Subscripts:

Nozzle angle of turbine, degrees

Ratio of total to static temperature, 1+0.2M%,
dimensionless, (see Table I-1) :

Specific weight, 1b/£t3

Ratio of pressure to 1.7 p.s.i. abs., dimensionless
Efficiency, dimensionless

Ratio of absolute temperature to 519°R, dimensionless
Absolute viscosity, lb-sec/ft?

Effectiveness of heat exchanger, dimensionless

Pressure coeffiéien’o, dimensionless

Note: Pressures and temperatures having the subscript (s) refer to static
"values; without this subscript all pressures a.nd temperatures refer to the
values for total conditions.

Symbol

A
A!
av
B
B'
br
c
c'
cA
cc

WADC-TR 53-114

Refers to
Station at exit of intake diffuser
Station at entrance to precooler
Average conditions
Station at entrance to turbine
Station at discharge of precooler
Root section of turbine bucket
Station at discharge of turbine
Station at entrance to tubes in heat exchanger
External diameter of axial compressor
External diameter of cenfri.fugal compressor
Compressor in general

Station at entrance to compressor

" Station at exit of tubes in heat exchanger

L1
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Symbol

Hgytﬂﬁ"lﬂlﬂ

-3

] e |

= I

!% ] ;5 i! |
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Refers to
Station at discharge of compressor | .
Station at entrance to exhaust nozzle
Exit plane of exhaust nozzle
Station at éxit of exhaust nozzle
Inpeller of axial compressor
Impeller of centrifugal compressor
Inlet or internal
Mechanical efficlency of turbine or compressor
Exit plane of nozzle

Ambient conditions, except for C, which is theoretical
spouting velocity

Pitch line of turbine

Precoolant

Ram

Static conditions for pressure and temperature
Turbine in general

External diameter of axial turbine

External diameter of“radial turbine

Average surface or wall temperature of heat exchanger
Wheel diameter of axial turbine

Wheel diameter of radial turbine

Heat exchanger

Précooling heat exchanger

L2
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2. Analysis for Procedure (1)

Procedure (1) is used to evaluate temperature and pressures existing
at key locations throughout the expanded ram air system shown in Figure I-1
for any assigned operational conditions of the aircraft in which the system
is installed and any desired thermal conditions of the equipments specified
by cooling capacity and average surface temperature of the heat exchanger.
The cooling potential and general feasibility of the system for the intended
application may be established from this evaluatioh procedure. The analysis
for this procedure is presented in the subsequent paragraphs.

The total temperature at discharge from the intake is evaluated
from the flight Mach number and atmospheric temperature by

= Tog [1+0.2 M%] = Tos Bo (1-1)

or,

&g = 0655 Bo (1-2)

Values of B, are given in Table I-1l. The flow process from discharge of the
intake to entrance of the turbine is assumed to be adiabatic; hence,

Tg = Ty = Tog Bo - (I-3)
The temperature at discharge of the turbine Tg is specified by the
assumed values for the average surface temperature of the heat exchanger T,
and the inlet temperature differential AT. :
Tg = Ty -AT » (I-L)
The temperature of the air leaving the heat exchanger Tp is defined by
TD = TC + AT (I'S)

where o is the effectiveness of the heat exchanger, defined as the ratio of
the actual temperature rise of the air Tp~Tg to the maximum theoretical tem-
perature rise AT.

The expansion pressure ratio of the turbine required to reduce the
temperature of the cooling air from the temperature Tg to the temperature
Tg is defined by

or, by use of equation (I-3)

Te/Tos = Bo {1 =7 E- - (PC/PB)VB.S:I} (1-4)

The expansion ratio of the air across the turbine Pg/Pp is related
to the atmospheric pressure F,g by

PB/PC - (PA/POS)(PB/PA)(Pos/PC) (I-5)
WADC-TR 53-114 L3
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where Py /P, represents the pressure ratio developed by the diffuser, Pp/Py
the totﬁ. pressure ratio of the air from discharge of the intake to entrance
of the turbine, and Bg/Pog the selected total pressure of the air at entrance
to the heat exchanger relative to the atmospheric pressure. The pressure
ratio developed by diffusion during intake of the air is evaluated by the
equation

P/Pyg = ﬁi‘s T (1-6)

These values are given in Table I-1l. A study of literature data on the ef-

ficiency of supersonic diffusers (Ref. I-7 and -8), indicates that equation

(1I-6) may be used to predict the total pressure at discharge of the intake

:ihen the efficiency 71‘ is evaluated from the flight Mach number by the equa-
on

70 092 = 0,024 12 (1-7)

The total pressure P, defined in this manner agrees quite satisfactorily with
experimental data for Mach numbers below 3.5.

Combination of equations (I-h, -5 and -6), and referring all pres-—
sures to the standard pressure of 1.7 psia ylelds

T6/Tos = %/9s = Po {1 - f2- wc/;o,,)1/3-5/921‘«3/&)1/3-{_]} (1-8)

the equation used to define the pressure at entrance to the heat exchanger
relative to the atmospheric pressure dg/fog for any specified flight Mach
number and altitude, pressure loss in the duct leading to the turbine and re-
quired temperature of the air at entrance to the heat exchanger. The chart
presented in Figure I-23 is used for graphical solution of this equation.

The chart shown in Figure I-2l; would be used for solution of equation (I-8)
when the turbine efficiency is assumed equal to 70 per cent the atmospheric
temperature is -67°F, and the total pressure ratio Jp/dc is 0.98, values
which are considered to be representative of those which would exist for
typical systems.

The power developed by turbine is absorbed by the centrifugal com~

pressor. Thus, since the air flow through the turbine and compressor are
equal,

7mt(TB"TC) = (TE'TD)/7mc (1-9)

- 1/3.5
Jme 7at(Ts-Te) = (Tp/ 7(-,) (Py/Rp) -1 (I-10)
The total pressure ratio developed by the compressor Pg/Pp is defined by the

pressure coefficient # and the Mach number of the tip of the impeller Mrg
by the expression

3.5
Pe/Bp = (14 0.LuRG) (1-11)
where the Mach number Myc is defined &8s the ratio of the peripheral speed of
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the impeller to the velocity of sound based on the total temperature of the
air at entrance to the compressor. The pressure coefficient ¥ is defined as
the ratio of the actual head of air produced to the theoretical head produced
by a centrifugal compressor having an infinite number of vanes. The magnitude
of the pressure coefficient is assumed to be 90 per cent of the compressor
adiabatic efficiency, i.e., the circulatory flow coefficient is assumed equal
to 0.90, a value typical of impellers having 12 to 20 radial vanes. Using

"this relation between pressure coefficient and efficiency and equations

(I-10 and -11), the tip Mach rumber My, required of the centrifugal com-
pressor is defined by

¥rg = (2.78 7mc.7mA0t/0n)1f'2 | - (1-12)

where the temperatures have been reduced to values relative to the standard
of 519°R., Values of the tip Mach number may be determined from the chart
presented in Figure I-25.

The ratio of the total temperature at discharge of the compressor
to that at its entrance Tp/Tp is defined by the tip Mach muwber My according
to the expression

T/T, = Of6p = 1+ 0.36 ¥, (1-12)

which is derived from the definition of adiabatic efficiency for the com-
pressor as the ratio of the isentropic to the actual temperature rise of the
air. The pressure coefficient » is again taken as 90 per cent of the adia-
batic efficiency. Equation (I-12) may be solved graphically by the chart in
Figure I-26. ' A :

The loss in total mressure of the cooling air from inlet to exit of
the heat exchanger is defined on the basis of compressible flow theory, taking
into account the simultaneous action of friection and heat exchange within the
tube section proper, loss at entrance to the tubes due to contraction of the
stream and loss at exit of the tubes due to abrupt expansion of the air.
Data derived by mechanical integration of basic differential equations, as
illustrated in Ref. (I-2 and -3), are presented in Figures I-27 through I-35.
The heat transfer coefficient of forced convection between the tube surface
and the cooling air is assumed to be constant over the entire tube length and
is evaluated by use of the Reynolds' analogy between fluid friction and heat
transfer. The effectiveness of heat exchange o is related to the length-to-
internal diameter ratio of the tube and the Darcy friction factor, assuming
a Prandtl number of unity, by the equation

fx/2d; = logg [?/(1-0i] (1-13)

The inlet Mach number shown on the plots in Figures I-27 through I-35 repre-
sents the Mach number of flow based on the cross-sectional flow area of the
tubes, and is not to be used as the Mach number of flow in the inlet header
of the heat exchanger. _

The length of the tubes x for the heat exchanger required to develop
the design value for the effectiveness o is determined by use of equation
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(I-13), the inside tube diameter dj of 0.20 inch, used for all designs, and

the average value of the Darcy friction factor f over the length of the tube.
The friction factor is defined for laminar flow by

£ = 6lfRe (I-14)
and for turbulent flow by
£ = 0.26l/Re?23 (1-15)
Tile Reynolds number of the flow Re is defined by

Re = 701 ug dj/l2/xav

Howevers 73_1 Yoy = (kg/R)l/z(Pcluct)/Bg'(']‘cl)lla

The total pressure at inlet to the tube is assumed to vary with the discharge
total pressure of the turbine by

P = (1-0.175 1) B

to account for the pressure loss of the air in the inlet header of the heat
exchanger. The tube diameter d; is constant and equal to 0.20 inch and the
total temperature Tg: 1s equal to the total temperature Tge Hence, the
combination of the previous set of equations yields ‘

Re = 1.L25 acnc.(1-0.175n§,)/uav\eg.(oc)l/2 (1-16)

Graphical solution to this expression for determination of  the Reynolds num-
ber of flow may be obtained by use of the chart presented in Figure I-36.
Once having defined the friction factor from the Reynolds nurber and equation
(I-1}) or (I-15), the effectiveness of heat exchange may be defined by use of
the chart presented in Figure I-37, based on equation(I-13).

) In defining the required cross-sectional area of the heat exchanger
it is assumed that 2 per cent of the cross-section is required as free space
for the shaft connecting the turbine and compressor, and that of the remain-
ing cross-section 50 per cent would be available for free~flow area of the

tubes. Thus, by continuity, the cross-section of the heat exchanger ay is
defined by

ay = 1h)G/(0.98x0.50 I1ugt) (1-17)

However, as determined previously in defining the ef{uation for evaluation of
Reynolds number,

Teugr = 85.5 Scl!c'(1-0.175M§-)/Bgr(%)1/2

that
* a/o = 3.183:(00)Y%/5 M (1-0.27502,) (1-18)

WADC-TR 53-114 L6
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and
ay = (ag/0.785)2 (1-19)

Bquation (I-18) may be solved graphically by the chart of Figure I-38.
The réquired area at inlet to the diffuser for subsonic flight is

defined on the basis of a flow Mach number at this section equal to 60 per
cent of the flight Mach number and a flow coefficient of 0.95. Thus,

Tir = Tos Bo/Bir = 519 95 Bo/Bir (I-20)
and ,
| Pirs = Fos Bg.s/ﬁ:?z.'s = 78 Bo 5/33 Z (I-21)
where '
Bip = 1 +0.2(0.64,)% = 1+ 0.072 M3 (1-22)

The intake area required by the diffuser is defined by combination of the
continuity equation and the above relationships. The expression for sub-
sonic flight is

ai/6 = 2.96(0,5)2(140.07202) 3/5;,514103(3, (1-23)

The intake area of the expanded ram air system required for air-
craft operating at flight Mach numbers greater than 1.25 is defined by as-
~ suming all shocks to exist inside of the intake so that free stream condi-
tions may be assumed to define the state of the air at the inlet plane of
the intake. A flow coefficient of 0.95 is employed to account for boundary
layer effect. Based on free stream pressure, temperature and Mach number,
the equation of continuity yields

air/G = 1-775(905)1/2% gos | (I—2h)

Inlet areas of the intake required for design flight Mach numbers in the
range 1.0 to 1.25 are obtained by trend curves established on the basis of
the subsonic equation (I-23) and the supersonic equation (I-2l4). The inlet
area equations may be solved graphically by use of the chart in Figure I-39.

3. Analysis for Procedure (2)

Evaluation procedure (2) is used to establish the required size of
the various components for a expanded ram air system designed to provide the
required cooling capacity at the specified flight operational conditions of
the aircraft and for the desired thermal conditions of the equipments being
cooled. The evaluation procedure is for the type of expanded ram air system
illustrated schematically in Figure I-1. Temperatures and pressures of the
cooling air corresponding to the various stations throughout the sy stem
shown in Figure I-1 are defined by the evaluation procedure (1).

The rate of cooling air flow required for a specified cooling ca-
pacity is defined by heat balance. Assuming a constant specific heat cp for
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air eaual to 0.2} Btu per pound-‘F, the cooling capacity in watts is defined
by
Qe = 3600 x 0.2} G(Tp=Te)/3.413

or,

G = qo/131,300(6p-9¢) (1-25)

The cross-sectional area and diameter of the heat exchanger are
evaluated from equations (I-18 and =19), using the required cooling air rate
defined from equation (I-25). Similarly, the required inlet area ais is de-
fined by equation (I-23 or -2}), depending upon whether the flight Mach num-
ber is greater than 1.25 or less than unity.

The size of the centrifugal compressor is determined on the basis
of design for maximum capacity, rather than maximum efficiency. Results of
a study conducted to determine the maximum air flow capacity of centrifugal
compressors (Ref. I-l) have shown that the inlet diameter of the impeller
should be defined by

diofdrc = 0.778/Mpe

This expression is used to define the relation of inlet and tip diameters of
the compressor, except when the ratio of diameters exceeds 0.70, whereupon
the ratio is limited to a value of 0.70 for practical design reasons. The

tip Mach number of the impeller Mys is about 1.11 for the limiting diameter
ratio of 0,70. Thus, when

My >1.11, djc/dgc = 0.778/Mrg (1-26)

and when .
Mg <1.11, di/dyg = 0.70 - (1-27)
The actual Mach number of flow through the inlet for units having pure axial

entry has also been defined (Ref. I-L) and is determined to be nearly con-
stant at a value of about 0.L3.

The equation of contimuity applied to the inlet section of the come
pressor for an inlet Mach number of 0.30 yields

G(gn)l/z/SD = 85.5x0.43 a.j_clll.ld.;(1-1-0.2::9.).:.32)‘3

or,

c(ep) 2/, = 0.229 2y, (1-28)

If it is assumed that the hub of the impeller is 0.25 of the impeller tip
diameter, then

8. = 0.785 [dic-(dm/u)ﬂ - 0.7858% |:(dj_c/dIc)2-1/16]
When the impeller tip Mach number exceeds 1.1l equation (I-26) is used and

8y, = 0.785 a2, [0.7782/1!:2[(; - 1/16]
WADC-TR 53-114 48
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80 that introduction of this expression into eﬁuation (1-28) yields
| o(op)¥2/sy = 0.01124(9.68/M3-1)ac (1-29)
When My; is less than 1.11, dj/dyg = 0.70. Hence,
85, = 0.785 d3;(0.70% - 1/16)

e alop) 2/t = 0.0768 ad; (1-30)

Equations (I-29 and -30) are used to define the required diameter of the
impeller for the centrifugal compressor.

The average external diameter of the centrifugal compressor is as-
sumed to be 80 per cent greater than the impeller diameter. The inlet di-
ameter of the campressor is defined by equation (I-26 or =27). The required
rotational speed of the impeller is determined from the impeller diameter
and tip speed in the following manner. '

uIc - HIC -\lkgRTD

or,
] uyg »- ]J.l?(OD)l/zMIc , o (1I-31)
Also,
urg = = dyg N/720 (1-3)
so that 1/2
N = 256,000 Myc(ep)™ “/dic (1-33)

The required pitch diameter of the axial turbine for the system
shown in Figure I-l is established from the rotational speed of the turbine,
being equal to that defined for the compressor, the theoretical spouting
velocity of the turbine and the ratio of the pitch line tangential velocity
of the turbine buckets to the theoretical spouting wvelocity. The latter
ratio is used to define the design for heat efficiency. The theoretical
spouting velocity is defined by

62 = 2giogy 1 - (5gfip/3S (1-3)

and

u, = Coluy/Cy) (1-35)

where the ratio up/Co would be selected as about 0.45 for design yielding
maximum efficiency. The pitch-line velocity is related to the rotational
speed by

u, = mdp N/720 (1-36)

so that equations (I-3l, =35, and ~35) may be combined to give for the
pitch diameter
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dp = 5.72810° Oplu/Co) \[1-(50/s5)Y 357w (1-%6)
A chart for graphical solution of this equation is presented in Figure I-}O.

The flow capacity of the turbine is primarily a function of the
pitch diameter, the nozzle angle and the bucket height. If the nozzle angle
of the turbine is assumed to be 20 degrees, it may be shown that for turbines
designed on the basis of vortex theory and zero reaction at the root section
(Ref. I-1) the flow capacity is defined by

&(0p)/2/8 = 0.:062(0/ap) [10.t85(wa)e0/ag)|  (z-m)

Since the area rate G, temperature Oy, pressure §g and pitch diameter dj are
defined by previously given relationships, equation (I-37) would be used to
select the required bucket héight of the turbine h. This process may be
condwe ted graphically with the chart presented in Figure I-4l. The stress
level at the root section of the twrbine buckets would be evaluated by

s = b4, N ¥/117,200 (1-38)

where )}, represents the specific weight of the turbine bucket material in
pounds per cubic foot. The tip diameter of the turbine wheel is defined by,

de - d.p+h (I-39)

and the average external diameter dp, is assumed to be 50 per cent greater
than the tip diameter of the wheel.

The discharge wvelocity of the system, station H,'is defined by the
pressure drop available across the exhaust nozzle and the temperature of the
alr at discharge of the compressor. The temperature at discharge of the
compressor Tp is defined by equation (I-12). The pressure of the air at
discharge of the compressor Pg may be evaluated by equation (I-11), assuming

Y= 0907,
where
7c = 0.58 + 0,01 dyg¢ (1I-40)
The discharge veloclty is defined then by
uy = 23720090 2\[1 - (5oy/5:)/3°5 (1)

for the discharge pressure §y equal to the ambient atmospheric pressure s®
A flow coefficient for the dfscharge nozzle of 0.95 is assumed. The char?
in Figure I-}2 may be used to evaluate the discharge wvelocity.

The drag imposed on the aircraft by the cooling air taken aboard
and subsequently discharged is defined by

Drag = G |ug - 1117 Mo(oos)]’/zj/g (I-42)
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The exhaust nozzle is assumed to be convergent only, whether the
pressure ratio of the nozzle is greater or less than critical. When the
pressure ratio exceeds the critical value of 1.89, it is assumed that the
efficiency of free expansion behind the nozzle is equal to that for expan-
sion within the nozzle; an assumption which is valid for over-all pressure
ratios up to about 3 or 3.5. The discharge area required of the nozzle is
defined from the continuity equation, and is

ey = 0.8380p)Y%/ip ESHSL/SF)I-“-(sHS/sF)l-?Z] Ve (T-43)

The chart presented in Figure I-L3 may be used to define the required exit
area of the nozzle.

L. Analysis for Procedure (3)

Performance and size of the expanded ram air system employing an
axial-flow commressor operating in combination with either a radial or axial
turbine are determined by evaluation procedure (3). Required size of the
axial compressor is determined on the basis that the compressor would be de-
signed for minimum size, such that the efficiency of the unit would be sac-
rificed to reduce its weight and space requirements. Hence, in a few stages
having small diameter an appreciable amount of power may be absorbed. The -
pressure rise of the air developed by this type axial compressor would be
small, and, correspondingly, the drag of the system imposed on the aircraft
by the cooling air would be increased. The over-all drag of the system im-
posed on the aircraft, from cooling air, weight, etc., may be reduced.

The tip Mach number of the compressor blades is assumed equal to
1.0 and -the Mach number of flow relative to the tip section of the blades
is limited to 0.8. Employing a symmetrical velocity diagram to yield maxi-
mum air capacity of the compressor, the tip diameter of the impeller is de=-
fined by

apy = 2.62 cM2elsl/2 (T-Lk)

It is assumed that the average external diameter of the axial compressor
d&“ is 10 per cent greater than the impeller diameter. The required rota-
tional speed of the impeller is defined by equation (I-33) using Myg=Mrasl.

Size and speed for a radial turbine are determined on the basis of
design for peak efficiency. A ratio of the wheel tip speed to the theoreti-
cal spouting velocity of about 0.60 normally results in design for near peak
efficiency. The peak efficiency is assumed to be 70 per cent. The theoreti-
cal ;pouting velocity of the turbine is defined by the air temperature drop,
and is

Co = [2chp(TB-Tc)/7-|;] /2

Ths,
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Upp = %‘R N/ 720
Combination of these equations defines the required diameter of the wheel as
am = L.x105(eg-0c)2/x (1-45)

for the assumed turbine efficiency of 70 per cent. The average external
diameter of the radial turbine dpp is assumed to be 80 per cent greater than
the wheel diameter dyge The axial width of the turbine nozzles is evaluated
on the basis of a 15 degree nozzle angle, and may be defined by the chart in
Figure I-lili for the specified air rate G and diameter of the wheel dype.

Also,

5. Analysis for Procedure (li)

This procedure is arranged to permit rapid calculations of sizes of
components using many of the approximations and assumptions enumerated in the
previous derivations. It is intended for systems employing axial compressors
and radial turbines, and is so prepared that it may be used to analyze cycles
employing precooling as well as simple cycles. The pressure loss ratio,
§g/3y, may be stated for the duct alone, or the value may be made large
enough to include the duct loss plus a pressure drop through a precooling
heat exchanger located in the duct ahead of the turbine. The method is based
upon equations presented in the preceding analyses, except for the precooler
analysis which must include pressure and temperature change of the air across .
the precooler. The pressure loss of the precooling heat exchanger is defined
by the chart in Figure I-}5, which has been prepared from the work of Ref.
(I-6). Figure I-U46 is a cross-plot of the data of Figure I-L45 for a pressure
ratio of 0,918.

The chart presented in Figure I-L7 is useful for evaluating total
pressure loss in ducts of constant cross section, such as the interconnecting
ducts between intake and the turbine and the compressor and discharge. It
is assumed that this flow process would be adiabatic. Data in this chart
are msa on Refo (I-S), po 1570

6. Evaluation Procedures

a. Procedure (1)
1. Fixed values: dj » up/Co ,» $n/8a s §p/9% ,
fl'/sos > ¢ s 7me)ut s @ .
2. Given variables: A, s Mo s Te
g » SD/A'C .

s Ty s

L. Read B, from Table I-1. B, .
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7.
18.

20.
21.
22,
23.
2k
25.
26.
217,
28.

Calculate g = To/519. & ___ o

Calculate Tp = T¢ + o(Ty=Tc)e Tp > Op .
Calculate @/0og .+ |

Read §o/8og from Figure I-23 or I-2h. 8p/8s .
Calculate AGy/ép = O -~ 6¢/ép = .

Read My; from Figure I-25. Myz _ .

Read Op/6p from Figure I-26. ©pfep .
Caloulate og = op(6p/ep).  op .

Calculate Q,/6¢ . Read Mgr from chart corresponding to se-

lected values for o and §p/dp, Figures I-27 to I=-35. Mg

Calculate 8,y = (9+6p)/2 = .
Calculate sc -4803(80/805) - .
Read Re and f from Figure I-36. Re s £ .

Read x from Figure I-37. x .
Read ay/G from Figure I=38. ag/6 .

Read aj,/G from Figure I-39. a;,./G .

be. Procedure (2)

Fixed values: refer to item (1) of Procedure (1).
Given variables: q, = watts.

Calculate G = q./131,300(6p=8g) = .
Calculate ay = G (item 18) = .

Calculate d, = 1.128(ax)0;5 . .

Calmiate ajp = G (item 19) = .

Calculate §p = 3c(8p/8g) = .

‘Calculate dyg by equation (I-29) or (I-30)e dyg .
Calculate dj, by equation (I-26) or (I-27). dj, .
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29.

38.

Lo.

L5.
Lé.

L7.
48.
k9.
50.
51.
52.

—EONHFDBENHAL—

Calculate N by equation (I-33)e N __ .
Find §y/fog from Table I-1. dp/8og .
Evaluate 8 = §og(8a/805)(8p/8y) =
Read dj, from Figure I-l0. dp .

Calculate GGE'S/SB - .

Read h from Figure I-4j1., h ‘ .
Calcula'bedn-dp-t-h- .
Calculate dyy = 1.5 dgp = .

Calculate Spfip = (1 + O.hWMIc)3‘5 -
70 is defined by equation I-4O.

Evaluate SF/SQB = (SC,/SQS)(SD/JC)(SF/SD) ® ——

Evaluate dos/8p = (80s/8p)(Sp/8p) = .
Read uy from Figure I-l2. uge .
Calculate drag by equation (I-42). Drag
Evaluate Sy = . |

Read from Figure I-h3, ay = __ .
Calculate dy = 1.128(ay)0*> = .

c. Procedure (3)

s Where ¥'= 0.9%c and

Fixed values: refer to item (1) of Procedure (1).

Given variables: ©p s 9 s &

s G s

SB r SD ‘s
Calculate by equation (I-hk), dyp = .

Calculate doy = 1.l dpy = .
Calculate N = 256,00000p)%*7/dy = .
Calculate by equation (I-45), dyp = .
Calculate dpp = 1.8 dyp = .

Read turbine nozzle width from Figure I-LL
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53.
Sk
5.
56.

57.
58.

59.
60.
61.

62,
63.
6l
65+

67.
68,
69.
70.
71.
12,
73.
Th.

WADC-TR

o.
Calculate dy, = 3.09%10°(85-65)05/ « .

Read from Figure I-h1, h = .

Calculate dm_ = dP + has .

S———————

Calculate dpy = 1.5 Gy, = .

d. Procedure (1)

Fixed values: §p/f, = s dy = .

:71;"

Given variables: fAq __ _ , M, T, s Ty
o » §p/8¢ s> T __ (for precooling).

Read 8,5 and § o5 from Table I-1. 8os s Sos .

s ——

Read 8, from Table I-1, 8o .

Calculate, for precooling, 6g = Tp/519 = » without pre-
cooling, QB = Bo gos = .

Calculate §; = Tc/519 = .

Calculate Tp = Tg + o(Ty~Tg) = > Op = .

Calculate 6p/8yg = .

Read SC/SOS for no precooling from Figure I-23 or I-2k.
Sc/ fos = « With precooling calculate ‘

o/80s = Gn/B0)(8a/50s) [1 - (0g00)/2305) 5 = .

Read M1 from chart corresponding to selected values of o and
8p/dc, Figures I-27 to I-35. 8y/a = s Mor = .

Calculate gav tod OQS(OC"‘%) - - -
Calculate §¢ = §,5(80/80s) = .
Read Re and f from Figure I~3. Re = s f = .

Read x from Figure I~37. x = —

Read ay/G from Figure I-38. ag/G = —_—
Read ajr/G from Figure I-3. aj,/c = —
Cooling capacity Qe. > ____ . '
Calculate G = qc/131,300(0p~8¢) = —

53-114 55
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75.
76.

78.
9.
8o.
81.
82.
83.
8l
85.
86.
87.
88.
89.
90.
91.
92,
93.
9k.

95.
96.

97.

—CONFIDENTIAL——
Calculate ay = G (item 71) = .
Calculate dy = 1.128(ag)%% = .

Calculste ajp = G (item 72) = .
Calculate §p = 8c(5p/&;) = .

. Calculate dyy by equation (F-Lh). dpy = R

Calculate dgy = Ll dpy = _ .

Caloulate N = 256,000(0)°0*%/dp, = .
Calculate dgp by equation (I-L5)e dp = ___ .
Calculate dyg = 1.8 dyp = .

Calculate §p = SOS(SB/SA)(BQ'S ) = .

Calculate G(OB)O'S/SB - .

Read turbine nozzle width from Figure I-hli ___ .
Calculate drag by equation (I-h2). Drag . '
Calculate 94 = 8580 = o

Calculate for precooling heat exchanger, Ogy = 0.5(03+9p)=
Calculate oxP = (6a-0p)/(6a-6p) = .

Read 8§p/8,5 = _____, from Table I-1.

Calculate §y = §o5(8a/80s) = .

Read My from Figure I-}S or I-h6. My =« .

Read £ from Figure I-36, using state of air at A rather than
at C. £ .

Read X6 from Figure I-37. X0 .

Read G from Figure I-38, using state of air at A rather than
CQ G = .

Calculate apg = and dpc = 1.128(8,13(3)0'5 = .
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Mo Bo

0.1 1,0020
0.2 31,0080
0.3 1,0180
Oe4 1.0320
0.3 1.0800
0.6 1.0720
0.7 1.0980
0.8 1.1280
0.9 1,1620
1.0 1.2000
1.1 1.2420
1.2 1.2880
1,3 1,3380
1.4 1.,3920
1.3 1.4500
1.6 1,5120
1.7 1.5780
1.8 1.6480
1.9 1.7220
2,0 1,8000
2.1 1,880
2,2 1.9680
2,3 2,0380
2.4 2,1520
2.5 2,2300
2,6 2,3520
2,7 2,458
2,8 2,5680
2,9 2,6820
S.0 2, 8000
S.1 2, 9220
Se2 3.0480
Sed 33,1780
3.4 3.3120
3.5 3.4500

2,4251
2,'7708
344823
3.6712

. 4.2504

4.9361
5.7459
6.7006
7. 8244
9.1448
10.693
12,505
14.620
17.086
19.985
as.283
27.139
51.594
34,733
2,66
49.4%
57.216
66.116
76.273

B35

“8a/Bos

1,007
1.026
1.059
1.407
1,169
1.248
1,346
1.464
1,608
1.771
1,966
2,190
2,450
2,746
3.084¢
3.463
3. m
‘. 361
4. 880
S.448
6.060
6.717
7.413
8.141
8.8%¢
9.’“3
10.44
11.20
11.94
12.64
13,29
13.88
14.37
14.78
15,08

Teble I-1

Vo

1.0010
1.0040
1,0090
1.0159
1.0246
1.0354
1.0479
1,062
1.0%30
1.0955
1.1148
1.1349
1.1567
1,1798
1.204
1.229
1.256
1.284
l.:12
1.342
1.372
1.403
1.438
1.467
1.500
1,533
1,368
1.602
1. 638
1,673
1.709
1.746
1,783
1.820
1.87

Bo®

1.006
l.024
16U83
1.099
1.150
10232
1.324
1438
1569
1.728
1.916
2.137
2,39%
2,697
3.049
3.456
3.929
4.476
5.406
5,832
6.666
7.622
80 717
9.966
i1.39
43.01
14.85
46.93
19.29
2.9
24.93
28,32
32,10
36.3%
42.06

Working Functions of Flight Mach Number for Bvaluation
of Total Temperature and Pressure
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SECTION II
FUEL-COOLED EQUIPMENT CASE HFAT EXCHANGERS

By M. L. Smith

One method of keeping equipment temperatures within acceptable limits
in highespeed aircraft is to enclose the equipment in a casing which is sur-
rounded by a heat exchanger. The engine fuel might be used as the primary
coolant for the heat exchanger, and a forced-air circulating system be used
to transfer heat from the equipment to the heat exchanger. This method of
protection not only provides cooling for any heat generated by the equipment
itself, but also protects the enclosed equipment from external heating ef-
fects due to high temperature surroundings. This cooling method is particu-
larly sppropriate for electricel components, since they can often operate
independently, requiring only simple wiring comnections leading from the
cooled case. A salient advantage of the system is that it is applicable to
many components in their presently used form, and therefore avolds expensive
redesign. Although the heat exchanger core could be designed to use other
fluids as the primsry coclant, the use of fuel is advantageous since the
fuel is already present on the aircraft, and special storage and handling
problems are therefore avoided. It is assumed, of course; that the fuel is
available in sufficient quantity and at a low enough temperature ¢ serve as
2 satisfactory coolant.

The analysis and results given here are for a fuel-cooled equirment
casing which is cylindrical in shape, with the heat exchanger cocre located
in an annular volume arcund the space for equipment installation. This
method of protecting equipment is not limited to this configuration, how
ever, and should certainly be considered where other casing shapes are re—
quired.

SUMMARY

The performance of fuel=cooled equipment case heat exchangers is con=-
gidered. The particular configuration studied in detail consists of a
cylindrical shell, having & heat exchanger core installed in an annular
volume just inside of the shell. Within this heat exchanger core is arother
shell, partially enclosing a voluwe wherein the equipment to be cooled is
installed. A motor and fan are provided in the ghell at one end, for cireu-
lating air in a continuous cycle over the equipment and through the annular
heat exchanger core. The same motor which drives the fan is also assumed to
drive a fuel pump, which circulates the fuel coolant through the heat ex-
changer core.

Five types of heat exchanger core are considered. In four of these,
the circulated ailr is passed between the inner and outer shells of the core,
while the fuel is passed through tubes in the core. In one of these the
tube surface is extended with fing. In the other basic type, fuel is passed
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through the space between the imner and cxter shells of the core, while the
air is psssed through tubes. All of the cores are assumed to be used in
counterflow heat exchange. Various baffling arrangements are assumed to in~-
vestigate the heat transfer characteristies of different flow arrangements,
both on the fuel and air side of the core.

It is assumed that a fuslecooled equipment case would be used in a com-
partment where the surroundings are at a high temperature. Provision is
therefore made for including external heat loads to the case heat exchanger
in analyzing its performance. In addition to the heat generated by the
cooled equipment installed in the case, the power requirements for circu-
lating both the air and the fuel are accounted for in analyzing the perform-
ance. It 1s assumed that operation is in the ateady-state insofar as all
heat transfer and heat generation rates are concerned. General equations
are developed to describe the heat transfer and heat balance relationships
of the fuel-cooled equipment case in operation. These equations do not de-
pend on the details of the heat exchanger core design, tut only on its basic
type, bhaving fuel or air in contact with the outer shell. A summary of heat
transfer correlations and pressure drop correlations applying to heat ex-
changer cores of specific types is given in Appendix B. Examples of using
such specific correlations together with the general equations to form a
performance calculation procedure are given in Appendices C and D.

The performance of a fuel-cooled equipment case heat exchanger ig de-
fined in terms of the net cooling capacity which it provides for the in—
stalled equipment, at a given temperature difference between the air and
fuel at their respective points of entry to the heat exchanger, The tempera-
ture of the equipment is then related to the fuel temperature through per-
formance results in this form, using an expression involving the effective-
ness of the equipment as a heat exchange device,

A number of plots showlng calculated performance characteristics are
given. Based on these results, conclusions on the effects of principal
operating variables and comparison of the different heat exchanger cores may
be summarized as follows:

l. Plots of net cooling capacity versus the fuel and air entrance temw
perature difference (tgz1-tgy) show that for a constant air flow
rate, an increase of nst cooling capacity requires an increase of

(ta1-te1).

2. The temperature difference (t,q~tp1) required at a fixed net cooling
capacity can be decreased by Increasing the air flow rate up to a
point. Beyond this point, the increased power requirement for cir-
culating the air causes (ty1-tf]) to increase with increasing air
flow rate.

3. If a family of cooling performance plots as described in item (1)
are constructed for different air flow rates through the same core,
an envelope may be drawn tangent to the family of lines. This en-
velope represents an optimum design condition where (ty)-tgy) is at
its minimum value for the carresponding net cooling capacity. The
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required air flow rate is that which gives a performance plot tan-
gent to the envelope at the design peint, and may be found by in-
terpolation.

h. The effect of external heat load on a fuel-cooled equipment case
heat exchanger is to reduce the net cooling capacity for a fixed
(tg1=tpy)e This effect is amall even for external heat loads which
are large compared to the net cooling capacity of the exchanger.
The effect i1s amallest in cores which have the fuel in contact with
the outer shell, since the external load enters the fuel directly
and is not transferred through the core heat exchanging surface
used to cool the equipment. The effect is most severe in designs
of high air flow rate, where the temperature difference (tg1-tey)
is small compared to the net cooling capacity.

Se The temperature level of operation has only small effect on the
cooling performance of a fuel-cooled equipment case heat exchanger,
It therefore follows that a unit analyzed for performance at one
temperature level can be expected to perform similarly at other
temperature levels.

6. The fuel flow rate has very little effect on the temperature dif-
ference (ty1-tgy) assoclated with a given heat transfer rate to
the fusl ualess the flow rate is quite low, For very low fuel
flow rates, the high fuel temperature rise and the low fuel film
heat transfer coefficients require much larger values of (tgy=teq)e

7. By comparing the optimum performance curves for a large number of
heat exchanger designs, it is possible to select those designs
which offer the best performance for a given size and weight. The
plots are altered somewhat from the optimum performance curves
described earlier in that the values of net cooling capacity are
divided by the heat exchanger volume or weight. A study such as
this shows that heat exchangers wherein the fuel contacts the
outer shell and the air flows through tubes are generally best from
the standpoint of size. They offer the highest net cooling capaci-
ty per unit volume at a given (t,3~tp1)e. A comparable performance
can be achieved with an excharnger with fuel in tubes if the air-
side surface area of the tubes is enlarged with fins, however.
Exchangers with fuel inside the outer shell are very inferior in
performance on a weight basis to those with fuel in tubes. It is
therefore concluded that the best design from the standpoint of
both size and weight is that which circulates the fuel through
tubes, with fins on the air-gside surface of the tubes.

8. Although no data are given to show the effect of air pressure on
heat exchanger performance, it is shown to be an important variable.
In a fixed system with a conmstant air circulation rate by wvolume,
it is possible to show the qualitative influences of a change of
air pressure. It is not possible in general to determine how the
cooling performance varies except by calculation for specifie
cases, If a fuel-cooled heat exchanger is to be designed, a design
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for low air pressure requires a greater power for air circulation
than one for higher air mmessures. This effect is required to pro-
vide identical cooling performance.

DESCRIPTION OF THE SYSTEM AND HEAT EXCHANGER CORES

l. General Configuration

The general configuration assumed for a fuel-cooled equipment
case heat exchanger is shown schematical 1y in Figure II-1l. The outer casing
is cylindrical in shape, and is broken only for fuel lines, pump shaft, and
whatever connections are required with the outside by the equipment. An
inner casing or shell is also shown, within which the equipment to be cooled
is inatalled. Between the inner and the ocuter sneils is an ammular space
containing a heat exchanger core. A fan amd motor are provided to draw air
from the equipment space and force it through the heat exchanger care, where
the alr is cooled, From the core the ccoled air returns to the equipment
space, where it is heated by the equipment, thus completing the air flow
cycele. Tne fan and motor are located at the air inlet end of the heat ex-
changer sc that the heat generated by their operation is carried by the air
directly to the exchanger. The cooled equipment therefore receives the
coolest alr in the system, without the air temperature rise caused by opera-
tion of the fan and moter. This positioning of the fan has a disadvantage
in that the power required to circulate a given weight of air is higher than
if the fan were at the cold-air end of the exchanger.

The surfaces ¢f the heat exchanger core are kept cool by fuel wlich is
circulated through the core as the primary coolant. In the example shown,
the fuel 1is passed through the heat exchanger in a direction which gives
counterflow heat exchange. This is advantageous in that for fixed fluid
temperature conditions and cooling effect, less core surface is required in
the counterflow arrangement than if parallel flow were used. In the example
shown, the fuel pump is driven by the same motor which drives the fan or air
blower. Thig arrangement is assumed for all cases aznalyzed here, although
in some installations a fuel pwmp may not be required.

2. Heat Excharger Cores

Five types of heat exchanger core are considered for application
in the fuel-tooled case shown in Figure II-l. The physical arrangements of
these cores are descrihbed hsre.

a, Design A

The firat core considered is shown at the top of Figure II-2
as Design A. The fuel coolant is pumped through tubes, which encircle the
inner shell in helical fashion. The air is blown in crossflow over the
outside of the tubes., A small fuel header is located at each end of the
core as a common terminal for two or more parallel fuel paths through the
tubes. An advantage of this core is that the fuel, which is ordinarily at
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high pressure, is contained in the small diamster tubes. This results in
lightweight construction., In the particular example illustrated, there are
two rows of fuel tubes transverse to the axis of the cylindrical case, and
the tubes are arranged in-line. Variations on the same basic core design
may have more than two or only one row of fuel tubes, and either in-line or
staggered tube arrangements.

be Design B

The core designated as Design B is alsc shown in Figure II-2,
In this case the air is forced through tubes which run parallel to the axis
of the cylindrical case, and the fuel is pumped over the air tabes in erosg-
flow. A system of baffles is provided so that the fuel encircles the shell
several times in a helical path in traversing from one end to the other of
the core. This deslign has the advantage that heat received through the
outer shell from the surroundings passes directly into the fuel coolant,
instead of heating the air as in Design A. Another advantage is that De-
sign B cores are thimmer for a given cooling capacity than the type shown
in Design A, leaving more room in a casing of fixed outer dimensions for
equipment installation. A marked disadvantage of Design B is that the inner
and outer shells mist be thick and suitably ribbed to withstand the high
fuel pressures, resulting in heavier and possibly more expensive constructicn,

Ce Desiggz C

The core designated as Design C is also shown in Figure II-2,
In this design the fuel flows through straight tubes running parallel to
the axis of the casing, with fuel headers provided at each end of the tubes.
The air is blown over the tubes in flow parallel to the tube axes. This de-
sign can be modified with baffles inside of the fuel headers, so arranged
that the fuel passes back and forth through the core several times before
being discharged. This situation, however, would not be true counterflow,
and therefore requires special analysis. With a given mumber of tubes it
has the advantage of higher fuel veloclty and corrsspondingly high heat
transfer coefficlients on the fuel side.

d. Design D

Another core design 1s shown as Design D in Figure II-3. This
design is similar to Design A in that the fuel passes through tubes which
encircle the case. The tubes asre flattened, however, and fimned on the ex-
ternal or air side. The air is blown over the tubes in crossflow, and
parallel to the fin surfaces. The fins increase the heat transfer area on
the air side, and this together with the tube flattening, produces a thinner
core section than Design A. The construction cost for a care of Design D
would be higher.
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e. Design E

Design E, shown in Figure II-3, is physically similar to De-
sign B, but the positions of the fluids are reversed. The fuel is inside
the tubes, thus requiring fuel headers for the tubes, while the air is
baffled to give crossflow over the tubes. Constructiocn of this core would
be somewhat lighter and less expensive than that of Design B, since the high
. pressure fuel is here confined within the small tubes.

GENERAL ANALYISIS

The analysis given here is concerned with establishing the basic equa=-
tiong which describe the performance of a fuel=cooled equipment case as
shown in Figure II-1, These performance equations are general, and apply to
a large variety of heat exchanger core arrangements. The more detalled
equations which describe the heat transfer coefficlents and pressure drop of
air and fuel are of course deperndent on the core used, and are therefore not
treated in this general analysis. The detailed relationship for heat trans-
fer coefficients and fluid pressure drop are given for each heat exchanger
core in Appendix B to this Section. Examples of using them together with
equations from this general analysis to study the performance of a particular
fuel~cooled case heat exchanger are given in Appendices C and D to this
Section.

1. Assumptions for Analysis

A number of assumptlions are made to restrict and describe the
system analyzed. They are given in the following paragraphs.

a., External Heat Loads

It is assumed that the fuel-cocled equipment case is located
in a compartment exposed to high skin temperaturss. As an example, this
situstion would hold if the case were within the centerbody of a ramjet
aircraft flying at supersonic speeds. The skin areas may or may not have
insulation to reduce the rate of exterral heat transfer to the compariment.
An example of such an installation 1s shown schematically in Figure II=k.

In addition tc the fuel=-cooled case, other equipments may be in the compart-
ment., It is assumed here that the external heat load to the ccoled equip-
ment case 1s due only to radiation from nearby high temperature surfaces and
free convection of the compartment air. Methods for calculating such heat
loads are discussed in Sections V ard IX. For purposes of the present study,
 however, it is sufficient to select some arbitrary external heat load which
might very only insofar as it is affected by the heat exchanger care in the
fuel-cooled equipment case. It is therefore assumed that the conditions in
the compartment and external to the fuel-—cooled case can be described in
terms of an average surroundings temperatwre tg and an external heat trans-
fer coefficlent for the cooled case hy. Different fuel-cooled cases are
compared in their performance for the same assigned values of ty and hye
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For simplicity it is also assumed that the major heat transfer to the in-
terior of the fuel-cooled case occurs through the cylindrical surface (see
Figure II-1), and the heat transfer through the ends is neglected. This
assumption is particularly justified if the ends of the case are insulated.

b. Generated Heat Loads

In addition to the external heat loads to the fuel-cooled
case, there are generated heat loads to consider. The equipment installed
in the case is assumed to generate heat, since an elaborate protection
method such as this would probably not be required far non-heat-generating
equipment, As mentioned earlier, there is slso a generated heat load due
to the operation of the fan or blower, and the motor which drives both this
fan and the fuel pump. For smwall units, it is assumed that the fan, moter,
and pump each have an efficlency of about 50 percent. In some installations
a fuel pump may not be necessary if there is no objection to imposging the
fuel mressure drop in the heat exchanger on the fuel supply line. If so,
the pumping power required by the fuel is not included in the heat balance
equations.

c. Operating Conditions

It is assumed that the fuel-cooled case operates under steady-
state conditions. The air pressure, air circulation rate » external heat
load, generated heat load, fuel temperature and fuel supply rate are there-
fore constant. For this circumstance it is possible to compare the per-
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formance of different heat exchanger cores, since the air temperatures in
general vary with the core used, other conditions being fixed. A care which
can provide a low air temperature at a given cooling capacity is to be pre-
ferred from the standpoint of equipment cooling.

2. Heat Balance Relationships

a. FExternal Heat Loads

The external heat load to the fuel-cooled equipment case may
be determined from an equation of the form

Qe = UXAXOI | (II-l)

where q, is the external heat load, Uy is an over-all heat transfer coeffi-
clent between the case surroundings and the fluid in contact with the inmer
surface of the outer shell, and @y is the temperature potential across Ux.
For Designs A, C, D, and E this is

Qe = Uphpltytyy) (1I-2)

where tg, is the average air temperature in the heat exchanger. For Design B
or any which has the fuel in contact with the outer shell the equation be-
comes

de = Uphy(tg-tpy) (TI-3)
where tpy is the average fuel temperature in the heat exchanger.

The coefficient Uy is defined as

Uy = T—E—r (1I-h)
- B TE

where h, 1s the forced comvection heat transfer coefficient far the fluid
flowing along the inside of the outer shell, and h, 1s an appropriate coef-
ficient for heat transfer from the surroundings to the outer shell, In this
study arbitrary values are assigned to hy and tg, but the value of h, is de-
termined for the particular heat exchanger core and its operating conditions.
This permits a comparison of the performance of different cores on the basis
of an identical environment, but allows for the effect of the core type and
the operating condition (such as flow rate and temperature of the fluid) on
the external heat load.

An alternative method is to assign arbitrary values of q¢ for a per-
formance calculation to compare different heat exchanger cores. This also
provides a logical basis of comparison, although different amounts of in-

sulation on the fuel-cooled case would actually be required if the external
heat load were t o be the same for different heat exchanger cores, even where
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internal fluid temperatures are the same.

b.' Generated Heat Loads

Under steady-state operation, all of the heat generated by the
operation of the fan, motor, and fuel pump is transferred in one way or
another to the fuel. Heat generated by the equipment is also transferred to
the fuel. The heat balance for the fuel, including the externsl heat load
is therefore given by

e = qg + 3.413 (q,+qy) (I1-5)

where qy is the total motor power input in watts, and q, is the heat genera-
tion rate of the equipment, in watts. qg amd qg, the total heat load to the
fuel, are expressed in Btu/hr.

A more detailed examination of the generated heat loads is required to
find the heat transferred to the circulating air. From the configuration
shown in Figure II-1l, it is clear that if q,, is the motor input power (ex-
pressed in watts) required to circulate the air, all of this is tramsferred
to the air. With qyp, the motor power required to pump the fuel, this is
not the case. That portion of gye which goes to supply motor losses is
transferred to the air, but that portion which goes to pump losses and to
actual pump work in the fuel is transferred directly to the fuel and does
not enter the circulating air. The generated heat loads transferred to the
air are therefore given by

Waoep 0ty = 3.413(qc+ay,+1/2qyp) (11-6)

since a motor efficiency of 50 percent is assumed. The values of fan, motor
and pump efficiency are assumed to have been accounted for in finding qy,
and qur. In the above equation, Wy is the weight flow rate of air in pounds
per hour, and ¢y and Aty are the specific heat and temperature rise of the
air, respectivefy.

¢c. Heat Transferred from Air to Fuel

The heat transferred from the air to the fuel is described
by different relationships for the two different basic types of heat ex-
changer core. In ths first type, where the air is in contact with the
imner surface of the outer swll (Designs A, C, D, E), the relationship is

Qg-3.113(1/2qye) = UAByy - (I1-7)

since all of the heat recelved by the fuel, except that due to pumping, is
transferred from the air as it passes through the heat exchanger. In the
right~-hand member of this equation, U, represents the over-all coefficient
of heat transfer between the alr and the fuel, based on the outside surface
area of the tubes Ay, and Oy is the logarithmic mean temperature difference
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between the air and the fuel.

Where the fuel is in contact with the lnner surface of the outer shell,
as in Design B, the equation is,

Qp-qg=3.h13(1/2qye) = UohoBip (1I-8)

since the external heat load enters the fuel directly through the outer shell,
and is not transferred through the surface Aj. For both of these equations
the coefficient U, is defined by

1
By " hydyy

where and hj are the convection heat transfer coefficients on the outside

and inside surface of the tube wall, respectively, and d¢i and dio are immer
and outer diameters of the tubes.

3. Performance and Temperature Relationships

A convenient measure of the merits of any cooling method is the
temperature difference which is required between the cooled component and
the coolant for a given heat removal rate, or cooling capacity. In order to
determine the temperature difference between the cooled equipment and the
coolant, it is necessary to know the effectiveness of the equipment as a
heat exchanging device. To avoid this complication and make the evaluation
of performance for a particular heat exchanger core of more gensral value,
the difference between the temperatures of the circulating air and the fuel
is used as a performance criterion. In the actual system, fuel temperatures
and air temperatures vary from one end of their flow path to the other. It
is therefore necessary to fix on a particular definition of the difference
and use it consistently. The results given later are in terms of the quanti-
ty (tz3~tg1) or difference between the temperature of the air and the tem-
perature of the fuel at their respective points of entry to the heat ex~
changer. The calculation procedures of Appendix D to this Section are set
up 80 as to determine this temperature difference. These calculation pro=-
cedures are based on both the general relationships just given and on the
specific equations from Appendix B which apply for the core used. In general,
a cooling appsratus which gives a low value of (tal-tfl) far a given cooling
capacity q, is superior to one which requires a high value of the temperature
difference.

With results given in terms of (tg3-tg)) for a given cooling capacity,
the equipment temperature can be found }.f certain equipment characteristics
are known. It is necessary to know the effectiveness of the equipment as a
heat exchange device, which is defined as,

t_1=%
al ‘a2
0‘0 " te-'baz ( II""]-O)
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where by current nomenclature, t,; and t,, dre the temperatures of the air
on entering and leaving the heat exchanger, respectively, equal to those
leaving and entering the equipment space, respectively. It is apparent from
the definition of equipment heat exchanger effectiveness that it is the ratio
of the actual temperature rise of the air in the equipment space to the maxi-
mua possible. Although the temperature of various parts of the equipment
would actually be different, it is assumed that the equipment can be repre-
sented by an average temperature te. It should be observed that under the
above definition of effectiveness, the motor and fan for circulating the

air are grouped together with the installed equipment in the fuel-cooled
case, Far any given combination and arrangement of equipment, motor, and
fan, it is necessary to have experimental data to determine the effective-
ness g, for conditions which are apmropriate to the contemplated installa~-
tion,

It is then possible to construct a relationship for the equipment tem-
perature, using equations (II-6 and -10). Combining these equations gives

Ja 2 1
2 3(%*1?*1/ qm)] [ : eJ (11-11)
a’p °

to - t&l*[

Presumably the coolant temperature 1s known, so that with a result in the
farm of (tz3-tg1), tg1 is known, whereupon tg can be found from equation
(II-11). It should be observed that an equipment of high effectiveness is
preferred, since equation (II-11) shows that such an equipment would operate
closer to tgz] than one of low effectiveness. In general, a high effective-
ness for the equipment as a heat exchanging device requires an arrangement
which provides for high heat transfer coefficients and/or long lengths for
the flow path in which the air contacts the equipment. Both of these re-
quirements lead in turn to high pressure loss and high power requirements
for air circulation. The power requirement for air flow over the equipment
is neglected in this analysis since it is usually negligible compared to the
power required to farce air through the heat exchanger.

EFFECTS OF VARIABLES ON THE PERFORMANCE OF FUEL~-COOLED BEQUIPMENT CASES

Typical performance characteristics of fuel-cooled equipment cases have
been calculated for the five heat exchanger cores described earlier. While
the range of variables that might be encountered in all types of aircraft
application is too broad to permit reaching final conclusions regarding the
merits of such equipment, many factors affecting performance are evaluated.
It is believed that these results are of value as a guide in designing a
fuel-cooled case for a given application.

All results are calculated for equipment cases one foot long and one
foot in diameter. The air pressure in each is assumed to be one atmosphere,
and aluminum tubes of 3/16 in. outside diameter with 0.007 in. wall thick-
ness are used. Obviously, the smaller the tubes, the more heat transfer area
can be enclosed in a given volume of heat exchanger. It is felt that 3/16 in.
outside diameter tubes are about as small as would be practical to use in
mass production, so no variation of tube size is considered in the following
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results. As discussed later, the effect of fuel flow rate on performance is
not usually important, so that a value of 500 1b/mr is used unless indicated
otterwise in specific cases. The use of JP-3 fuel as the primary coclant is
assumed throughout. Unless some other value is specified, tthe temperature
level is established by tyy = 300°F. In a few special cases the operating
temperature level is specified in terms of ts3.

1. General Performarce

Figure II-5 shows the performance characteristics calculated for

a heat exchanger such as Design B of Figure II-2, Details of the design are
given in the figure. The results shown are indicative of the internal heat
transfer processes only, since it is assumed that the external heat load qg
is zero. The values for p; and pg represent longitudinal and transverse tube
pitches, expressed in tube diameters (see Fig. II-2). There is only one row
of tubes for air, as represented by r = 1. The performance is indicated by
plotting the net useful cooling capacity q. versus the difference in primary
and secondary coolant temperatures (tgi=tgj)e For a given air flow rate Wy
the plot shows the steady-state temperature difference between air and fuel
at entrance to the heat exchanger foar a given cooling capacity. The dashed-
lines indicate the total motor power requirement, far both air and fuel, in
terms of (tgi-te1).

For a constant W, it is seen that the cooling capacity and temperature
difference have a nearly linear relationship. If the air temperatwre must
be reduced,the cooling capacity available for the equipment must be reduced.
From comparison of the plots for different air flow rates, a low air flow
rate gives poor performance at high cooling capacities, since it requires a
large temperature difference, or a high air temperature in the case. This
results from the low heat transfer coefficients on the alr side of the heat
exchanger at low flow rates. On the other hand, high flow rates are not de-
sirable when only a low capacity is required, becanse the extra power needed
to circulate the air imposes an additional load on the heat exchanger, which
tends to increase the temperature difference between the fuel and aire. The
optimum air flow rate for any combination of net coocling capacity and tem-
perature difference (tzj-tp3) can be found. It is necessary to construct an
envelope to a series of plots for various air flow rates. The optimum air
flow rate can then be found by interpolation, since it is represented by a
performance line which 1s tangent to the envelope at the desired point of
qgeand (ta%;;{l)- A design of this air flow rate represents an optimum in
the sense it gives the smallest value of (t,3-tpy) possible for the
given heat exchanger core at the desired capacity q,. If the temperature
limitations for the air are not severe, and a large value of (ty3-tey) can
be tolerated, lower air flow rates than the optimum should be used. The
plots of motor power requirement show clearly that a very great saving in
motor power can be effected by uszing low air flow rates. It is apparent
that the power requirement is little affected by change of (ty3~tp1) at con-
stant air flow rate.
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2. External Heat Load

. The effects of an external heat load on the performance of the ex-
changer just discussed appear in Figure II-6. The net cooling capacity in
watts q, (or heat generation allowed for the equipment), and the heat added
1o the fuel in Btu/hr q¢, are plotted for various arbitrarily assigned ex-
ternal heat loads. Results for four different operating conditions are
plotted, including high and low air flow rates and four constant fuel=-air
temperature differences. The plot shows that a Design B exchanger has a
tremendous capacity for absorbing heat from the surroundings without affect-
ing the cooling capacity very greatly. The higher air flow rate shows a
more pronounced reduction of cooling capacity with increased external heat
load, because of the smaller temperatwre difference (tgj=-tri) in proportion
to the net cooling capacity. As the external heat load is increased, the
fuel temperature rise increases. This is more serious in its effect where
the initial (4,7-teq) is small, since the temperature difference for heat
transfer Oy, is reﬁuced by a proportionately greater amount by a given fuel
temperature rise.

A comparison of the effects of gg on the cooling capacity of three
types of exchangers, Designs A, B, and C, is shown in Figure II-7. Charac-
teristics of each design are given in the figure. As before, the values of
external heat load are arbitrarily assigned in these cases. The external
heat load has a greater effect on the cooling capacity in Designs A and C
than in Design B, but even with the former, a qo of as much as 1000 Btu/hr
decreases the cooling capacity only a few percent from that when qo = O.
Thus, the use of a little insulation on the outside of the case should suf-
fice to prevent any appreciable reduction of net cooling capacity available
to the equipment. The greater importance of external heat load in Designs
A and C as compared to Design B is due to the difference in the manner of
transferring the external heat loads to t he fuel in the two types of design.
In Designs A and C, the external heat load is first transferred from the
outer shell to the air. It is then transferred through the tube surface to
the fuel, thereby increasing the beat flux through the tube surface over
that where q¢ = 0. Clearly then, as increases, for operation at constant
air flow rate and constant (tg1-tf1), the value of qo must be reduced no-
ticeably. In an exchanger such as Design B, the external heat load is trans-
ferred directly from the outer shell to the fuel. Its only effect on the
internal operations in the fuel-cooled equipment case 1s to increase the
temperature rise of the fuel, which also occurs in Designs A aml C. Since
the heat flux through the tube surface is changed only slightly by the small
change of fuel temperature, the cooling capacity at constant (tg1-tf1) is
changed but little with changing qg.

Figure IT-8 shows the effect of external heat load on the cooling per—
formance of a Design B heat exchasnger for two air flow rates. It is clear
that a constant cooling capacity can be maintained for large changes of g,
with only small changes of (tg1-te1).

3. Temperature Level

‘ The effect of temperature level on the performance of a fuel-
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cooled heat exchanger is shown in Figure II-9., The same Design B heat ex-
changer is used as in Figures II-5, -6, ~7, and -=8. The plot shows that
while cooling capacity varies slightly with temperature level, the variation
is only about five percent from the mean in the temperature range shomn.

The alopes of the lines for Wy = 100 are different than for the higher air
flow rates, s ince the former are in the laminar flow region for air in the
tubes, while the latter represent turbulent air flow. The alight change in
cooling capacity with temperature level is due to changes of physical proper-
ties in both the air and the fuel. It is apparent, however, that the air
flow rate has much more effect on the cooling capacity than does the tempera-
ture level.

Figure I1-10 shows the effect on performance of a change in temperature
level and the resultant change of external heat load. This plot is for an
exchanger of the Design A type, where air is in contact with the outer shell.
The external heat load is defined as degcribed in the analysis, in terms of
an assigned value of hy = 1.5 Btu/hr-ft°-OF and tg « 500°F. As the tempera-
ture level is increased, as marked by an increase of the entering fuel tem-
perature, the value of (t ~tpq) required for a given cooling capacity is
reduced. This effect is due principally to the change of external heat load
with rising temperature level. As the temperature level is raised, the tem-
perature difference between the surroundings and the fuel-cooled case is
reduced, giving a smaller external heat load. This tends to give the smaller
(tg1-tr1) for a given net cooling capacity, as noted.

}i» Fuel Flow Rate

The effect of fuel flow rate on heat exchanger performance is shown
in Figure II-11l. An exchanger core of the Design A type is used, with de-
tails indicated in the figure. Both the fuel flow rate We and the fuel tem-

ature rise <ty are shown as a function of the temperature difference
?‘:ral-tﬂ)o For the conditions of evaluation, the fuel flow rate has almost
no effect on the temperature difference (t,1-tey) until a very low flow rate
is reached. At low flow rates, there are low heat transfer coefficients on
the fuel-side of the exchanger. This requires a large temperature to trans-
fer the qp = 700 Btu/hr to the fuel. It is assumed here that all of the
generated and external heat loads are transferred through the tube surface.
Thus, the case applies where no fuel pump is used, or where (1/2qyue) is neg-
1igibly small (see equation II-7). It is apparent that low fuel flow rates
require high temperature rise of the fuel, as indicated by the dashed curve.
There are therefore two penaltles of operation of a fuel-cooled equipment
case at low fuel flow rates. First, the alr temperature in the case in-
creases, and hence the equigpment temperature must increase (see equation
II-11). Second, the fuel temperature rise may become excessive. Good de-
sign can be achieved by using a fuel flow rate high enough that (t,=tgy) is
relatively unaffected by changes of Wg, and at the same time high enoug% to
give a suitably small value of atg.

The erfects of fuel flow rate on performance of & Design E heat ex~

changer core are shown in Figure II-12., The results are qualitatively the
game as those of Figure II-1l. Plots are shown for several air flow rates.
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The plot clearly shows that the air flow rate has more effect on the per-
formance than the fuel flow rate, unless the latter is very low. As expected,
a decreased air flow rate requires increased (tg3-teq) for a given heat
tranafer rate to the fuel.

The design of the fuel side of the exchanger is quite flexible, pro-
viding a high flow welocity is maintained to give a high film coefficilent.
This can always be accomplished by arranging the fuel headers to give a long
flow passage of small cross sectional area. The weight of fuel per hour must
also be high enough to keep the fuel temperature rise within the limits which
might be specified by the fuel-gystem designer. For the applications con=
sidered here, 1t appears that the fuel temperature rise can always be kept
within 59 to 10°F. &?mmammmsmmtmtﬁmcuﬁmnmsdﬂm
order of 500 Btu/hr-ft°=F can be developed in all the types of designs given
and yet keep the fuel pressure drop under 5 psi. For a proper fuel side de-
sign for systems of Design A and B, the fuel flow rate may be varied 100 per
cent from the design conditions without changing the fuel-air temperature
difference more than 2 percent. Even less change in performance is noted
when the exchanger is also operating with a low air flow rate.

5. Comparison of Designs

As mentioned earlier in comnection with Figure II-5, the optimum
operating condition from the standpoint of minimum (t,3~ts1) for a given
cooling capacity lies on the envelope to a series of plots for constant air
flow rate. It is possible to compare different heat exchanger designs by
constructing such an envelope for each. A comparison of this type is given
in Figure II-13 for three heat exchanger cores, all Design A, but using dif-
ferent longitudinal pitches for the fuel tubes. It is apparent that for a
given cooling capacity the design with the shortest longitudinal pitch gives
the best performance, s ince it can provide the lowest air temperature. This
would be expscted from the fact that the core with the shortest piteh has
more tubes and hence a greater surface area. As described earlier, the air
flow rate required for a given combination of q, and (tgy~tp1) is that which
gives a performance line (as in Figure IT-5) wgich is tangent to the plot of
the envelope curve at the desired point. A1l of the curves plotted in Fig-
ure II-13 represent heat exchanger cores of thg same dimensions and over-all
volupe. The volume is shown as Vg = 274.5 in,

A similar comparison is given in Figure II-l, far heat exchanger cores
such as Designs A, B, and C, and for two different heat exchanger volumes in
each design type. The volume values are shown simply because they indicate
the amount of space used up by each heat exchanger core within the fuel=-
cooled case. Such space is lost in the sense that it is not available for
equipment installation. The Design B exchangers appear on the average to
give superior performance, since they do not impose the external heat loads
on the tube heat transfer surface, but transfer external heat directly to the
fuel. The tube heat transfer surface 1s therefore used only for the transfer
of the internal or generated heat loads. The external heat loads for Figure
II-1l were determined by the convention of using hy = 1.5 and tg = 500°F. :

The effect of the external heat load on optimum performance character-
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isties is shown in Figure IT-15. Heat exchangers of Design A and B are
considered. The external heat loads are defined in terms of two different
values of hy and corresponding values of tg. Thls actually does not com-
pletely establish the magnitude of the external heat load, since h,, the
heat transfer coefficlient on the inside of the outer shell, must still be
calculated for each case (see equations II-2, -3, and -4). However, it is
obvious a qualitative sense that the external heat load for = 3,0 anmd
tg = 660° must be somewhat larger than when hy = 1.5 and tg » 500°F. Fig=-
ure II-15 therefore shows that a Design B exchanger is less sensitive to
external heat loads than a Design A exchanger, insofar as optimum perform-—
ance characteristics are concerned. ,

Figure II-16 presents a comparison of the performance characteristics
for a large mumber of heat exchangers, expressed in terms of the heat trans-
ferred to the fuel per unit volume of heat exchanger core. A similar com-
parison is given in Figure IT-17 expressed in terms of the net cooling ca~
pacity available to the installed equipment per unit wolume of heat exchanger
core. Inboth figures the data are based on a value of tg) = 300°F as usual,
excggb for the single plot representing Design D. This is based on tpy =
200°F. Since the air temperature is somewhat above the fuel temperature, the
plots for Design D are roughly comparable with the others. Figure II-17
shows the Design B heat exchanger cores to be somewhat better than the others
from the standpoint of cooling capacity per unit volume at given temperature
conditions. The only other design type which compares favorably with Design
B is Design D, which uses fins to extend the surface area on the fuel tubes.

Comparisons of performance based on the weight of the heat exchanger
core are given in Figures II-18 and -19 for Designs A and B. The weigh%s
of the heat exchangers are calculated for a fuel pressure of 300 1b/in.c At
this pressure, using alumimm construction, stresses are held to an acceptable
level with 8-gage (0.128 in.) wall thicknesses for the inner and outer shells
in Design B. For Design A, shells of 30-gage (0.010 in.) aluminum are used.
As described earlier, tubes of 3/16 in. outside diameter and 0.007 in. wall
thickness are used for both design types. The weights calculated are for

immer and outer shells, tubes, and fuel headers only.

Figure II-19 shows that Design A is considerably superior to Design B
on the basis of cooling capaclity per unit weight for a given temperature
condition. It can therefore be concluded that Design D would be the best
from the standpoint of both weight and volume requirements. It was shown
in Figure II-17 that Design D is about equal in performance to Design B on a
volume basis, and it may be deduced from comparing Figures II-2 and =3 that
Designs A and D would have similar weight characteristics. Therefore, al-
though the type core wherein fuel is in contact with the outer shell is su-
perior in performance on a volume or size basis, the difference can be made
up for designs with air in contact with the outer shell if extended tube
surfaces are used. The latter are therefore to be preferred because of
their light weight.

Table II-1 shors the cooling capacity per unit volume and per unit
weight that might reasonably be expected for gystems of the type presented
here. It is emphasized that these values are not necessarily the best pos-
sible of attainment, but are representative for their types. In Table II-1,
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: -3
Table II-1
Summary of Heat Exchanger Performance Characteristics

(a/in.3)  (qg/tn.d) (g /1b)  (qp/I)

(tggtgy) 18 25 15 25 15 25 15 25
Design B 0.8 1.9 15 23.2 15 30 170 307

qc 18 expressed in watts, while q¢ is expressed in Btu/hr.

Exchangers of Design E, sketched in Figwre II-3, appear to have no ad=
vantages over the other designs. Such a configuration has the distinect dis-
advantage that the air is forced to circulate through long tortuous paths
‘around the heat exchanger. Hence, extremely high pumping power is required,
or else unusually large cross sections of the heat exchanger are necessarye.
The latter results in extremely low valuss of cooling capacity per unit
volume. Passing the air parallel to the axis of the case, as in all other
designs, gives a much larger air flow area for the same size of exchanger.

6. Air Pressure

The effect of alr pressure on the cooling performance ¢f a fuel=-
cooled case has not been shomn in any of the data mresented. It is possible,
however, to indicate the influence of air pressure on perfarmance without
resort to calculation. By the equation of state for perfect gases, the
density of air is inversely proportional to the pressure, and it is because
of the effects of density that the air pressure is important.

A fixed design of fuel-cooled case is considered first, equipped with a
motor and fan operating at constant speed. In such a system; the fan or
blower circulates air at a substantially constant volume rate. If the air
density changes, and the flow is turbulent, the power requirement for cire
culating the air varies almost directly as the density of the air. A de-
crease of density then results in lowered air power requirements, and con-
versely. However, the weight flow rate also decreases, giving reduced air
heat transfer coefficients throughout the gystem. In general the heat trans-
fer coefficients do not change as rapidly as the density. As the density of
air decreases in such a system, the tendency of the reduced power requirement
is to reduce the temperature difference required between the equipment and
the fuel to dissipate the system heat loads. At the same time, the tendency
of the reduced heat transfer coefficlents is opposite to this and would pre-
dominate in all instances of good design where the air pumping power would
represent a small percentage of the net cooling capacity. The effects are
reversed for an increase of air density.

In a system where the air flow in the heat exchanger is laminar (as in
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a core where the air flows through tubes with Re < 2300), there is theoreti-
cally no change of circulating power requirement for changed air density.

The heat transfer coefficients are changed, however. As the density de-
creases, a greater temperature difference is required between the equipment
and the fuel for a given cooling capacity, and conversely. The effects of
varying air pressure on the performance of a system can be determined quanti-
tatively by calculations of the type given in Appendix D to this Section.

It is next supposed that the system is not already established, and
‘that it is desired to design for a constant net cooling capacity available
to the equipment, and a constant temperature difference between the equip-
ment and the fuel. The alr heat transfer coefficients remain unchanged so
long as the weight rate of air circulation is constant. For turbulent flow
with a substantially constant friction factor, a constant weight flow rate
is maintained if the volume flow rate is proportioned inversely to the air
density. It therefore follows that the power required to circulate the air
varies inversely as the square of the air density. Therefore, if the density
of the air is reduced, the air flow volume must be increased in a greater
than inverse proportion to the density ratio, so as to movide higher heat
transfer coefficients to accommodate the increased total of equipment and
circulation power heat loads. For laminar flow, the variation required in
air flow volume for changing air density is the same as for turbulent flow
with a substantially constant friction factor. If the air density is in-
creased, the air flow volume may be reduced in more than inverse proportion
to the ratio of densities, since the circulation power requirement is reduced,
and smaller heat transfer coefficients are suitable.

From the deasign standpoint, a gystem may be operated with low power re-
quirements for a given cooling effect if high air densities are involved.
It is therefore more feasible to design a fuel-cooled case far operation in
a dense-air environmment than in a rarified atmosphere. If the compartment
in which the case is located is exposed to low pressures at high altitude,
it would be preferred to use a sealed case containing a more dense atmosghere.

APPENDIX A TO SECTION II

Nomenclature
Symbol " Definition Units
A, Net free flow area for air 42
Ae Net free flow area for fuel 12
Ay Amnular cross-sectional area between 2
inner and outer shells ft
Ao Heat transfer area based on outside
diameter of tubes ££2
Ay Heat transfer area on outside of outer 2
shell of the casing hig 7
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Definition
Specific heat of the fuel
Specific heat at constant pressure
Diameter
Equivalent diameter defined where used

Diameter of immer shell of the heat
exchanger

Diameter of outer shell of the heat
_exchanger

Equivalent diameter for heat transfer
on air side (Design C)

Equivalent diameter for pressure loss
on air side (Designs A and C)

Equivalent diameter far pressure loss
on fuel side (Design B)

Inside dlameter of tubes
Outside diameter of tubes
Darcy frictlon factor

Weight flow rate of air based on
A,. Gs (W /M)

Gravitational constant = 32,2

Convection heat transfer coefficient
on inside of outer shell

Convection heat transfer coefficient
on inside of tubes

Convection heat transfer coefficient
on outside of tubes

Convection heat transfer coefficient
on outside of outer shell

Correlation factor for heat transfer
coefficients

Thermal conductivity

119

Units
Btu/1b-°F
Btu/1b-F

£t

ba

dimensionless

1b/hr-£t2
£t/sec?

Btu/hr-££2-°F
Btu/hr-ft2-OF
Btu/hrefto=OF
Btu/hr-ft2-OF

dimensionless

Btu/hr-£t-°F
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Definition Units
Lengbh of the fuel-cooled case b o
Length of fuel passage (Design B) £t
Number of tubes in the heat exchanger
core dimensionless

Number of parallel paths formed by tubes dimensionless

Number of times the fuel in a single
passage traverses the core length (De-
sign C), or number of times it encir-

cles the case (Designs A and B) dimensionless
Average air pressure 1b/in.2
Pressure drop of air through heat
exchanger core in, of water
Pregsure drop of fuel through heat 2
exchanger core 1b/in.
Longitudinal pitch of tubes tube diameters
{dimensionless)
Transverse pitch of tubes tube diameters
(dimensionless)
Prandtl modulus, air dimensionless
Prandtl modulus, fuel dimensionless
Net cooling capacity required by equip-
ment (heat generated by equipment) watts
Fxternal heat load to fuel=cooled case Btu/hr
Total heat load to fuel Btu/hr

Power required to circulzate air and
fuel through the heat exchanger core watis

Power required for alr circulation only watts

Power required for fuel clrculation only watts

Reynolds modulus for air dimensionless
Reynolds modulus for air pressure loss
caleulations dimensionless
120
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Definition Units
Reynolds number for fuel dimensionless

Reynolds nunber for fuel pressure
loss calculations dimensionless

Number of rows (transverse) of tubes dimensionless

Temperature of alr entering heat ex-
changer core °p

Arithmetic mean air temperature in
heat exchanger core

Temperature of fiel entering heat
exchanger core

Arithmetic mean fuel temperature in
heat exchanger core

Temperature drop of air through the
heat exchanger

Temperature rise of fuel through the
heat exchanger

Representative temperature for the sur-
roundings of the fuel-cooled case

Temperature of the outer shell of the
heat exchanger

S SR S S S A

Over-all coefficient of heat transfer
between air and fuel, based on outside 2
surface area Btu/hr-£1°=°F

Over-all coefficient of heat transfer
between the surroundings and the £luid
inside of the outer shell of the heat

exchanger Btu/hr-££2-OF
Velocity of fluid ft/se§
Velocity of fluid after exit from a tube  ft/sec
Volume of a heat exchanger core in.3
Air flow rate 1b/br
Fuel flow rate b/t
Length of the heat exchanger core in,
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Symbol Definition Units
x¢ Length of the fuel passage (Design A) in,
Y Substitution function
a Ratio of cross sectional area filled

with tubes to the anmular cross sec-—

tional area of the heat exchanger dimensionless
Ya Density of air 1b/ft3
Yy Density of fuel 1b/rt3
CC S Temperature difference between air
and fuel 1b/ft-hr
Om Logarithmic mean temperature difference
between fuel and air O
M Viscosity of air 1b/ft~hr
Mg Viscosity of fuel 1b/ft-hr
Sy Viscoslty of a fluid at a surface
temperature lb/ft~hr
Co Effectiveness of equipment as a2 heat~
exchange device, defined by equation
(11-10) dimengionless
'] Correlation factor for pressure drop
in flow across banks of tubes - dimensionless

APPENDIX B TO SECTION II

Sumnary of Heat Transfer and Pressure Drop Relationships for Heat Exchanger
Cores

The basie equations describing heat transfer coefficients and pressure
drop in the various heat exchanger cores are sumarized here. References
are given to indicate the sources of the data. An example showing the in-
corparation of these basic equations into a performance evaluation is given
for Design A in Appendix C to Section II.

1. Design A. Fuel in Tubes, Air in Crossflow Over Tubes

The heat transfer coefficient fa flow of fuel through the tubes
is determined from a plot of the factor Jy versus the Reynolds number defined

as Reg = (dyiWe/12Mphe) (Ref. II-2). This is based on an original carrela-
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tion by Seider and Tate (Ref. II=-1). The factor is given by

~0.1l4
g = (F) (/3 (2 @)

e

and in the present work the factor (Afuy)~O-M is taken as unity. The in-
side heat transfer coefficient is therefare

hy = Jg 3]%{ (x Bel/3), (11-13)

in the farm subsequently used for calculation. A plot of the factor jy is
given in Figure II-20, where it is necessary to know the length-to-diameter
ratio of the tubes if the fuel flow is in the or transition regions,
Values of the combined physical properties (k Prl/3)s are given for a range
of temperatures for JP-3 fuel in Figure ITI-2l. They should be evaluated at
the mean bulk temperature of the fluid.

The pressure drop for flow of fuel through the tubes is found from
equations wiich allow for the loss at entrance to the tabes, loss in the
tubes, and loss at exit from the tubes. For an abrupt tube emtrance, the
pressure loss is given by (Ref. II-3),

entrance loss = 0.5 (ﬁlzﬁ )(%z-) (II-14)

The pressure loss through the tubes is given by the Darcy law for pipe fric-
tion as (Ref. II-3)

ive 2088 = (25) (gf)(55) (11-15)

The friction factor is a function of the Reynolds number and may be taken
from Figure II-22, This is replotted from the Moody chart of friction fac-
tors (Ref. II-4), using a relative roughness of 0,0001, The pressure loss
at exit of the fuel from the tube is given by ’

. )2
exit loss = .Eé) ﬁ-l-é-;:-?-)—- (11-16)

For simplicity, it is assumed that the velocity or exit ue is about one-half
that in the tubes, which gives

exit loss = (ﬁ)(%%ﬁ (IT-17)
The over-all pressure drop is then _
AP, = guﬁ)(gz)[(%)»f 0.75J (11-18)
WADC-TR 53-114 123
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This is subsequently simplified further for use in a calculation procedure
(see example of Appendix C to Section II).

The heat transfer coefficient for air in crossflow over the tubes is
determined using a plot of the jg factor which applies to such a configura-
tion. A plot of this type is given in Figure II-23, and is taken from
Reference (II-5). By this correlation the heat transfer coefficient is given

by,
b o= (B, (13-29)

where Jg is given as.a function of the Raynolds number, defined for this
pwrpose as

Re = ndt;" . (1I-20)

The fluid properties (k &1/3) are given for air in Figwe IT-24. They are
evaluated at the mean bulk temperature of the fluid.

~ The pressure drop of the air in crossflow over the tubes is calculated
using a correlation of Gunter and Shew (Ref. II-6). Their method employs a
friction factor § defined in appropriate wnits as

' 0.6
Py YaPs |/ depy ”
- 2.17::109[A 3 _a } JJ 0ok TI-21
fr 2 [TB](00) ot
where dep is an equivalent diameter for tube bundles, defined as
{k X net free folmel!inﬁ! (I1-22)

d'p B (friction surface)(:ln.z)

ValunefthefactorﬂaregivenasafunctionoftheReynoldsmmbqrin
Figure II-25, where the Reynolds number is defined as

' dep Wa ' |
Rep = Tk, - (m-23)
The equation defining the friction factor # is solved for A Py, the pressure

drop. -

Ancther heat transfer coefficient of interest in Design A is that at
the inside surface of the outer shell, This is important in determining the
external heat transferred into ar out of the casing. An equation for the
heat transfer coefficient for flow of a fluid past a flat plate is used for
this purpose. A suitable equation is (Ref. IT-7)

0.8
h, = 0.028 (%)C'-I!‘f (pr)/3 (11-2k)
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Another coefficient of interest is that on the cutside of the case. The
type of coefficient to use for this application depends on the compartment
conditions external to the case. These conditions are not considered in any
detall here, so that a value of hy which is appropriate for free convection
and radiation is estimated. An example of this is given in Appendix C to
Section II.

2. Design B, Air in Tubes, Fuel in Crossflow Over Tubes

The inside heat transfer coefficient for flow of air through the
tubes is determined by equation (II-13). The fluid properties should be
those of air rather than fuel, The pressure drop for air flow is found
using an equation similar to (II-18).

The heat transfer coefficient on the fuel side can be calculated using
the crossflow equation (II-19), except that the fluid is now fuel instead of
air. Similarly, equation (II-21) is used to find the pressure drop. All of
these correlations for Design B are in a form which permits evaluation of
the flnid properties at the bulk temperature of the fluid, since the
viscosity ratic (s/w,) 014 can be neglected.

The outer casing heat transfer coefficients are found by the same gen-

eral method as in Design A, equation (II-2};), using fuel properties instead
of air properties.

3. Design C., TFuel in Tubes, Air in Parallel Flow Over Tubes

For the fuel inside the tubes, the heat transfer coefficient is
found by equation (II-13), and the pressure drop by equation (II=18).

For the air flow parallel to the outside of the tubes equation (II-13)
is used as before, but it is necessary to replace the tube diameter with an
equivalent diameter. The equlvalent diameter for this purpose is that which
is appropriate to the heat transfer process and is given by

x net free cross-section)(in,?
deh * Twett perimeter of tubes o . (11-25)
This is used in equation (II-13) in the farm
s 12
hy = Jg Cy (x Brl/3) (11-26)

where h, is the external film coefficient for flow of air parallel to the
outside of the tubes,

The pressure drop for air flow parallel to the tubes is found with an
equation similar to that given earlier.

AP, = (&E)(g%)[(% + 1.5 ] | (11-27)
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where x, is the length of the alr flow passage parallel to the tubes. This
equivalent diameter for pressure logs is defined as ‘

- l} x net free cross-section (11-28) .
dep Total wetiad perimeter

where the area and length values must be expressed in in.2 and in. s respec~-
tively. The friction factor is found from a Moody chart, using a Reynolds
number based on this same dgp. It is not possible to make as accurate a de-
termination of entrance and exit losses here as in the case of straight

tubes. As an estimate 1.5 is used to allow for entrance, exit, and turning
effects,

The heat transfer coefficients for the outer casing require no special

treatment in Design C, since they may be found by the same method as in De-
81@ A.

k. Design D. Fuel in Tubes, Air in Crossflow Over Tubes. Tubes
Flattened and Finned on the Alr Side

The heat transfer coefficient for fuel flow inside a flattened
’l:.ul:‘;6 xsn;y be approximated with a standard equation of the form (Ref. II-5,
P

hy = 0.023 115‘-; (Re)0+8 (Pr)1/3 (II-29)

which is suitable for Re > 10,000, The equivalent diameter is defined as

o (I x cross sectional a.reaggftzz
Do {wetted perimeter)( (11-30)
where the cross sectiénal area and perimeter refer to values on the inside

of the flattened tube. The Reynolds number should also be based on this
equivalent diameter, being defined as

yuD
Re = e

(I1-31)

The pressure drop for flow of the fuel may be found a3 in Design A, by
equation (II-18) using the equivalent diameter of the flattened tube in place
of the diameter of the round tube, both in the pressure drop equation and in
finding the friction factor.

The heat transfer coefficient for ﬂs /air side may be found from data
(Ref. II-8) giving a plot of (hy/Gc,)(Pr)e/3 versus the Reynolds number based
on an equivalent diameter, for crossflow over a finned-tube surface. After
determining the Reynolds number and the fluid properties, the heat transfer
coefficient is computed directly from the plot. Friction factor data are
also available (Ref. IT-8) which can be used to calculate the pressure drop
for air flow, using the Darcy equation. The data as presented, are actually
Fanning friction factors, however, and must be multiplied by four before
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using them in the Darcy equation. The entrance and exit losses are neg-
lected for this heat exchanger core, as they would probably not be signifi-
cant compared to the pressure loss in the core itself.

The heat transfer coefficient for flow of air over the inner surface of
the outer casing is taken as equal to that for crossflow over the flattened,
finned tubes. The fins are assumed to extend nearly to the outer casing, so
that the flow situation is approximately the same in both cases.

5. Design E. Fuel in Tubes, Air in Crossflow Over Tubes

The baslc equations describing heat transfer and pressure drop in
this case are the same as for Design A. The two designs differ only in de-
tails of arrangement which do not affect these basic relationships except
in their application. An example of applying the basic relationships is
given in Appendix C to Section II.

APPENDIX C TO SECTION II
Evaluation Procedures for Heat Exchanger Cores

In the foilowing, evaluation procedures for Designs A, B, and C are
given as examples of calculations necessary to determine the temperature dif-
fereme.(tal-tfl) for a given case of specified cooling capacity.

1. Interpretation of Calculation Items in Procedure for Design A

Certain items given in the following procedure for Design A are
here explained for pwposes of clarification, Similar considerations are
employed in establishing the other calculation procedures given for Designs
B and C. The items of corresponding mumbers in the procedure for Design A
are explained below.

(2) The diameter of the inside shell Dy is determined by allowing for
one-half transverse pitch from each shell (inner and outer) to the center-
line of the nearest tube.

(1) The minimum free flow area A, through the annular space outside of
the tubes is the difference between the gross anmilar area A, and the pro-
Jected area of the fuel coils.

(5) The length of the exchanger core x allows for an entrance and exit
port at each end of the cylinder, equal in cross-section to the minimum free
flow area within the exchanger (4,).

(7) The number of times N the fuel spirals around the shell before
entering the discharge header depends on the number of parallel fuel paths

‘n', the number of rows r and the longitudinal coil spacing Prdioe

(8) The heat transfer area A, is based on the outside surface area of
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the tubes, neglecting the effect of the helical winding on the length of the
tubes. '

(9) The area far heat transfer to the casing from its surroundings Ay
is based on the assumption that no heat is transferred through the ends of
the cylinder.

(11) The assumption that tey is SOF greater than tgy is usually satise
factary,

(15) The length-to~dismeter ratio of the fuel tubes may be required to
find hy if the flow of fuel is in the laminar or transition regions. It is
also required to find the fuel pressure drop.

(16) and (17) The heat transfer coefficient h; is based on equation
(I1-13). Pigure II-20 is used to obtain jg, and fluid properties are evalu=
ated at the mean bulk temperature of the fuel from Flgure II-21.

(19) The pressure drop of the fuel APp, is calculated from equation
(11-18), transformed by substitution of lmown variables and combination of
constants,

(20) The power qyp required to pump the fuel is given in watts. The
motor and p efficiencies are 50 percent each, and a standard fuel density
of 46.4 1b/ft3 (about 150°F temperature) is used.

(22) The first assumption of tgy may be made by estimating the heat
given up by the alr as 1l.2q,, the value of U, between 10 and 30, and the
mean fuel temperature about 5°F above tgy. Then by approximation, tgy =

(26) and (27) The heat transfer coefficient h, for air in crossflow
over the tubes is calculated from equation (II-19).

(28) The over-all heat transfer coefficient U, from the fuel to the alr
is calculated from equation (II-9).

(29) and (0) The coefficlent far farced convection h, over the inside
surface of the outer shell is computed using equation (II-ZL), where the
group of physical properties of air are given as function of the air tem-
perature in Pigure II-24. These properties should actually be taken at the
mean film temperature, requiring an estimate of the outer shell temperature.
From the environmental conditions it must be estimated whether the shell
temperature would be greatly different from t n. The accuracy of the as-—
sumption made in item (29) has little bearing on the accuracy of qg and
(te1-tg1) subsequently computed.

(31) The surface coefficient on the ocutside of the equipment case hy
is taken as the sum of the radiation and convection coefficients at the sur-
face, This is used together with a characteristic temperature for the sur=
roundings to estimate the external heat load to the cooled equipment case.
Methods for calculating free convection and radiation heat transfer coeffi-
clents are given in Section V. If several cores are to be compared in per-
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formance, they can be analyzed on the basis of some reasonable estimated
values of ig and hy.

{32) The over-all coefficient of heat transfer Up from the swrroundings
to the air in the cooled equipment case is calculated from equatien (II-h).

{33) Ths external heat gain, in Btu/hr, is given by equation (II-3j.

(34) The equivalent dismeter for purposes of calculating the air pres-
?ure loss through the row or rows of tubes is calculated from equation
I1.22).

(35) The Reynolds number for the air flow is based on the equivalent
diame ter and equation (II-23).

(%) The weight density 7, of the air is calculated from the perfect
gas law, where the mean bulk temperature and pressure are used, since this
density is involved in calculating the pressure loss across the heat ex-
changer core.

(37) and (38) The pressure drop of the air in crossflow over the tubes
is calculated from equation (II-21). The wvalue of @ is taken from Figure
II-25 and the presswe drop AP, is in inches of water.

{(3¥) The power required for the air circulation is given in watts.
The motor and fan are each assumed to be 50 percent efficient. The power is
evaluated at the air density corresponding to t,; (because of the position
of the fan). The value of tg] is the last item calculated in the procedure,
and must be estimated here. However, a few degrees variation in 153 does
not affect appreciably. The estimzte may be based on theassumed value
for tom+ t:%, the latter being approximated by 18q./W, (see item 45).

(40) It is assumed that the same motor drives the fan for the air and
the fuel pump. Therefore, the total motor power requirement is gy = Qup+dyg.

. gl)a) The total heat added to the fuel, in Btu/hr, is given by equation
(II-5).

{(42) The logarithmic mean temperature difference required to transfer
the heat added to the air through the coil surfaces to the fuel is determlined
from equation (II-7). _

(L5) The air temperature rise At, through the equipment and fan is
found from equation (II-6), using cp * 0.2h.

(46) and (L47) By definition, the logarithmic mean temperature difference
(93 - o)

82
loge (.5; )

If a counterflow arrangement is used, 6, = (ty1~tep) and 6y = (tyo-tey)

O1m
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(ta1-tep) -~ (tao-te1)
olm - (ta_l-’ofzﬁtﬂ-{;ﬂ
log ((taz =tp1)4t1-%a1

therefore

( At~ Atg)

1o ta1-te1~ Aty
€o\ To1-tr1- Aty

letting (At a=0te )
. o lm

4

%1n

(at, )Y = A
(ta=tg1) = —¥=T t

(48) This last item, the arithmetic mean air temperature ty, in the
heat exchanger, is used to check the accuracy of the assumed value of tgy in
item (22). The mrocedure must be repeated from item (22) on until good agree-

ment :’2.3 achieved, i.e., at least within 30°F of the value far t,, assumed in

2. Procedure for Design A

1. Given data: '

Exchanger dimensions Operating conditions
Do dgs U by
T RS . — Fa ts
r cm————— pt c——— "‘ wr
dio n'

2. Calculate Dy = D, = ‘(2r py dy,)/12

3. Calculate A, = 0.785 (D2 - D3)

L. Calculate Ay = % Di;D °)(r d"‘.fépt-l))

5. Calculate x-lZ(L-mAh-{)

6. Calculate Vye 1Lk A, x

7. Calculate N = 2%
3';;an'
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8.

9.

13.

26.

27.

WADC-TR

.. CONFIDENTIAL
0.1l xr (Dy#D4)
P

Calculate A, =

Calculate Ay = WD, L

2nt
Calculate Ap = 0.785%1) z

Assume tep
Find M at assumed tpy from Figure IT-21.
Find (k Prl/3)f at assumed tp, from Figure IT-21.

dyi We
Calculate Ref = m

Calculate ;f,_i - (%@_)( B%DS

Find Jy at Repe and (xp/dy;) from Figure II-20.
H 4 Xp/Agq

- Calculate hy = Jy (12/dyy)(k Pr1/3)f

Find £ at Repy from Figure II-22.

" Calculate APp = 1.80x10713 (Wp/As)? [(£xp/dyy)+0.75]

Calculate (Wp/A,).

Agsume tgp.

Find « for assumed t,, from Figure II-2l.

Find (k Pr¥3) for assumed tey from Figure IT-2k.

w
Calculate Re = ;}"P-if

Find Jy for in-line tubes at Re from Figure II-23.

Calculate hy = Jy (12/d4)(k Pr1/3)

53-114
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28,

29.

L3.

ot g ey

1

Calculate T, =
© 1+ a;o
' Bo « Bydes
1/3 tghell + b
Find-js—n‘-o—g- at an assumed 2 T_am

Calculate hg = 9?0.2‘.2.)('&) (k prl/3

Calculate or assume hy.
1

+
b "By

Calculate Qg = Ug Ay (tg=tgm)

Calculate Uy =

P
Calculate 73 - mT%-—-mT:—m
¢ am

Find # at Rep from Figure II-25.

0.6
P
Calculate APy = ¢( )

from Figure II-2.

W, AP h60+t1
Caleulate qy = ( 34”a (__.F__é..)

Calculate qy = Qyy + Gur
Calculate Qg = Qg + 3.113 (g, + qy)

ap - 3.413'(1/2qyp)
Uo 4o

Calculate Oln -

1
2amo ( ( Ya(d,p)O'E(pt)(dto)o'ﬂ)

Calculate cg = O.il + 0.066 (tgp/100) far JP-3 fuel.
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L5,

k6.

L7.
h8.

3.
1.

2.
3.

k.

5.

6

Te
8.

9.

Calculate

Calculatce
Calculate

Calculate

less than one percent by recomputing from item (

~—CONFIDENTIAL

Calculate Ate = (qp/ce Wp)

W2 (g + ayg + 1/2qyr)

Atg -

Is=e

(ta1-te1) =

Ya

(At:;:tf)

Aty T = Aty
T YI-1

tam = tr1 + (ta1=tr1) - 1/2(Ats)
If item (48) is within 30°F of item (22), (tﬂ-tgl) would change

Procedure for Design B

Given data:

Exchanger

D
L
r

dio

Calculate
Calculate

Calculate

Calculate

Calculate
Calculate

Calculate

Calculate

Calculate

WADC-TR 53-114
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dimensions:

N

At

—_— P

— Py e

Dy (ses.Design A)

A, (see Design a)
18.86 r (Do"'ni)

nm=

PL

9o

(dey)?
L EHE

1-12[1':-

VH-lhhAn
n dyo

Ay
5TEE Dy

o= —mp—
Ay (see Design A)

|

3) One

Operating conditionss:

Pa t‘s
'a 'f
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11. Assume tpy (see explanation 1tem 11, Design A)
12. Find Mo at assumed ten from Figure I1-21.
13, Find (k Prl/B)f at assumed tp; from Figure II-21.

1. Calculate Res = %

15. Find jg at Rep for in-line tubes from Figure II-23.
16. Calculate hy = 3y (12/dy,)(k BeY/3),

18l Ayn(dy,)?
ﬁDomi)Tn d‘bO

17. Calculate dgpp =

18. Calculate Regy, = ﬁ%‘ﬂ
0

19. Find # at Regp from Figure II-25.
20, Calculate Ly = (n/2)(Dy+D )N

2 0.6
21l. Calculate APp = LS / Lf(wf?f) (pL) T
2.3310M  (4erp)%*Opy ) (dy,0)°"

We AP
22. Calowlate ayr = —gyp—r

23. Calculate (W,/A,)

24, Calculate (x/dyy)

25. Assume t,, (see explanation for item 22, Design A)
26, Find _uat by, from Figure II-2l.

27. Find (k PrY3) at t,, from Figure II-24.

28. Calculate Re = %-E‘

29. Find jg at Be and (x/dy4) from Figare II-20,

3. Calculate by = 3(12/dy4)(k Prl/3)

31, Calculate U, (see item 28, Design A)

R, Find (k ‘Pr]/3)f and ug at an assumed (tgney1+ten)/2 from
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Figure I1-21. (See explanation for item 29, Design A.)

0.028 ; Wz 08

£ 1/3
02 \Bpag) FF7)

33. Calculate hy =

3i. Calculate or assume hy.

35. Calculate Uy (see item 32, Design A)

. Calculate Qg = Uy Ay (tg~tpy)

37. Find £, at Re from item 28, from Figure IT-22,
38. Calculate Y, (see item 36, Dosign 4)

. Calculate AP, = ﬁ%ilg (E)z (Tf:i" + 1.5)

k0. Calculate qy, (see item 39, Design A)
l1. Calculate qy (see item L0, Design A)

k2, Calculate qp (see item L1, Design A)

‘ - chl 2
b3. Calculate 6, = —— BUO 2:1/ )

hhi. Calculate cp (see item L3, Design A)

k5. Calculate Atp (see item Ll, Design &)

6. Calculate At, (see item L5, Design A)

k7. Calculate Y (see item L6, Design A)

k8. Calculate (ta1-ty) (see item L7, Design A)
k9. Calculate t,, (see item |8, Design A)

If item (L9) is within 30°F of item (25), (ty1~tsy) would change
'1less than one percent by recomputing from item (2%) on.
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k.
1.

2.
3.
L.
5.

6.

Te
8.
9.

WADC-TR

Procedure far Design C

Given data:
Exchanger dimensions: Operating conditions:
Dy L Q®_____ i
T Py Y. Ve
o N

Calculate Dy (see Design A)
Calculate A, (see Degign A)
Calculate n (see Design B)

2
Calculate A = Ay - (;('Ibfﬂ)f:

Calculate x (see item 5, Design A)
Calculate Vy (see Design B)
Calculate A, (see Design B)
Calculate Ay (see Design A)

Calculate Ap =

Assume tp, (see explanation item 11, Design A)
Find w4y at assumed tp, from Figure II-21.

Find (k Br'/3), at assuned tpy from Figure II-21.
Calculate Rey (see Design A)

Calculate (12L/dy3)

Find Jg for Rep from Figure II-20.

Calculate hy (see Design A)

Find £ at Rey from Figure IT-22.

Calculate APp (see Design A)

Calculate  qyup (see Design A)
Calculate (Wy/Ag)

53-114 L
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22, Calculate dgp = ?’f—‘;—f‘

23. Assume t,, (see explanation item 22, Design A)
2, Find . for assumed tgy from Figure IT-2k.

25. Find (k Pr/3) for assumed tyy from Figure II-2.
26, Calculate (x/dgp)

v
27. Calculate Re = %‘Ti

28. Find jy at Re from Figure II-20.
29. Calculate hy = Jg (12/dg,)(k Pr%/3)
30. Calculate U, (see item 28, Design A)

3. Find (k rY/3)/98 ot an assumed (tshe}gt‘?)/z from Figure
i

II-2hi. (See explanation for item 29, Des
32. Calculate h, (see item 30, Design A)
33. Calculate or assume hy.
. Calculate Uy (see item 32, Design A)

35. Calculate q (see item 33, Design 3)

| 18 A,
3. Calculate dgp = (5,7 ) mdyy

37. Calculate Rep = %2

38. Find £ at Rey, from Figure II-22,

3. Calculate 7V, (see item 36, Design A)
Lo. Calculate AP, (see item 39, Design B)
ll. Calculate qy, (see item 39, Design A)
k2. Calculate qy (see item 40, Design A)
L3. Calculate qp (see item L1, Design A)
Lh. Calculate @y, (see item 42, Design A)
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L5, Calculate At, (see Design A)

L46. Calculate cg (see item L3, Design A)

L7. Calculate Aty (see item Lli, Design A)

L48. Calculate Y (see item L6, Design A)

L9. Calculate (t,1~tg;) (see item L7, Design A)

50. Calculate t,, (see item L8, Design A)

on.

If item (50) is within 30°F of item (23), (tal-tft; would change

less than one percent by recomputing from item (2
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SECTION IIT

A GENERAL SYSTEM FOR THE DETERMINATION OF TEMPERATURE~TIME
DISTRIBUTIONS IN AN AIRBCRNE EQUIPMENT
COMPARTMENT AT HIGH FLIGHT SPERD

By S. M. Marco

The determination of the temperature of the components within an air-
barne equipment compartment at any time during a flight is of importance if
the necessity for and effectiveness of cooling means is to be evaluated. A
general method for the determination of the temperature-time curves for such
equipment would also be useful in establishing the effectiveness of insula-
tion or other heat barriers located at various places within the compart-
mont,

The primary purpose of this Section is tc describe a general method
for the determination of the temperature-time curves for the various pleces
of equipment in an aircraft compartment, taking into account in detail the
characteristics of the compartment. The method i1s intended to be applicable
mainly to the determination of the temperature rise of one critical equip-
ment box in the compartment containing components which may or may not gen-
erate heat and which may be sensitive to temperature rise.

For the purpose of this analysis the general heat transfer system
being considered may be assumed to consist of an aircraft compartment cone
taining the critical equipment box along with other non-critical components.
It may be assumed that at the beginning of the flight the temperatures of
all the parts of the system are known. As the flight is started and the
aircraft is accelerated to reach supersonic velocity, the compartment wall
is heated aerodynamically. At the same time the equipment box may be gen=-
erating heat. For a time, heat may be flowing into the system from both of
these souwrces. The heat generated within the equipment box may be con-
sidered constant fa the entire flight or varisble according to some prede-
termined schedule depending upon the function of the equipment and the
method of its operation. The heat flow from the skin into the compariment
will, of course, depend upon the magnitude of the flight speed, the alti-
tude and existing thermal barriers. If no cooling means are employed, the
temperatures of the variocus parts of the heat transfer system will eventu~
ally approach equilibrium, provided the flight pattern is stabilized at a
fixed speed and altitude. The rate of temperature rise of any individual
member of the heat transfer system at any time will depend upon its thermal
capacity,* the conductance™ between it and its immediate swrroundings and

*Thermal cepacity of a body is the amount of heat required to raise its
temperature one degree.

*¥The conductance between two bodies is the amount of heat that will be
transferred between them per unit of time and for unit temperatwre dif-
ference between them.
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the temperature difference between it and its immediate surroundings. The
use of ingulation on any pert of the system or the use of cooling means
will affect both the time rate of temperature rise at any time and the
equilibrium temperature.

SUMMARY

A heat transfer system corresponding to an idealized arrangement of an
airborne equipment compartment is defined. Features of thermal insulation
and cooling effects are included. The equations describing the thermal
processes of the gystem are set up in difference form to describe tempera~
ture changes with time in the non-steady thermal state. The criteria for
the selection of time intervals of proper length are developed. Computa-
tion methods are presented for calculating machine or slide rule warke
Equations for the determination of thermal capacities of composite bodles
and of thermal conductances in the three basic modes of heat transfer are
presented for & variety of possible cases and with particular reference to
the previously defined regions of the thermal system. The computation
methods and the application of the developed relationships are illustrated
by means of an example in which the temperature~time variations of the ther=
mal regions in a high speed aircraft compartment are calculated.

ANALYSIS
1. Choice of Nethod

A rigid mathematical description of the temperature-time relation-
ships involved in even a simple unsteady-state heat transfer system would
be extremely complex and would result in a set of simultaneouns partial dif-
ferential equations with variable coefficlients. To solve such a set of
equations would require the use of costly, specially designed computing ma-
chines. Thus it would be of little advantage to attempt a rigid mathe-
matical analysis unless such equipment were available. The use of such
equipaent would be desirable principally when a given system is to be ana-
lyzed for a considerable range of each variable defining its operating con-
ditions. A simplification of the analysis by using only certain character-
istic temperatures rather than actual point temperatures to describe the
system would still result in a get of ordinary differential equations with
variable coefficients. These equations could be reduced to a single dif-
ferential equation of a high order and with variable coefficients. The
solution of such an equation would require special techniques which would
not, be readlly available.

Since a simplification of the method is necessary if oardinary computa-
tion methods are to be used, it is believed that the use of difference
equations along with a tabular computation method (Ref. III-2) would best
guit the purposes of this problem. This method is based upon the fundamen-
tal premlse that for a specified shart time interval the transient system
may be treated as a steady-state system. Thns the temperature rise of a
given member during the specified time interval may be computed in the same
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that any steady flow system is computed. The temperatures at the end of
't:zt time interval can then be used as the initial temperatures for the next

time interval.

In applying mumerical analysis to heat transfer problems, the first
step 1s to subdivide the physical system into a mmber of regions, for each
of which a representative temperature may be used to describe the thermal
situation. This process calls for some judgement, If the subdivisions are
too crude the accuracy may be low. On the other hand, if the subdivisions
are too mumerous, time will be wasted in obtaining a degree of accwracy not
warranted by the data or by the practical application of the solution.

2. Deseription of Heat Transfer System

The subdivisions of the heat transfer system to which the compu~-
tation method is to be applied are shown diagrammatically in Figure III-l.
The physical system consists of an alrcraft compartment which may or may not
be ventilated. Within this compertment is located an equipment bax far
. which the temperature~time curve is desired. Also within the compartment
are other bodies separate from the equipment bax.

In subdividing this heat-transfer system it may be seen from Figure
III-1 that the regions for which representative temperatures are used to
describe the thermal situation are as followss

(L) The equipment box in which heat may be generated, heat may be
stored and heat may be given off to a cooling system. In addition heat may
be transferred between the equipment box and insulation on its surface. It
is assumed that the thermal condition of the equipment box can be described
in terms of the varlation of a single representative temperature.

(B) An insulation or heat barrier surrounding the equipment box which
may store heat, have heat transferred between itself and the equipment box,
have heat transferred between 1tself and its surroundings and may have heat
removed from it by an integral codling system. The thermal condition of
this ingulation or heat barrier 1s described in terms of the variation of a
single representative temperature.

(C) The bodies or masses within the campartment other than the critical
component box. For this deseription it 1s.assumed that all such masses may
be lumped together and described in terms of the varistion of a single repre-
sentative temperature. In some situations, where the thermal properties of
the various masses are very widely different it may be necessary to use
several such regions, each with its own representative temperature. Assuming
that only one such region is used, it may be seen that heat may be stored in
it and heat may be transferred between it and its surroundings.

(D) The air within the compartment which may receive heat or give off
heat to the surfaces of the members within the compartment and which may be
cooled by some cooling means. It is assumed that the air cannot store heat
since its thermal cepacity is small compared to the other regioms in the
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systen,

(E) Insulation or a heat barrier adjacent to the compartment wall
which may store heat, have heat transferred between itself and the compart~-
ment wall, have heat transferred between itself and the contents of the
compartment and may be cooled by an integral cooling system. The thermal
condition of this region is described in terms of a single representative

temperature.

(F) The compartment wall which may give off heat or receive heat
from the insulation or heat barrier adjacent to it, may store heat, and
may have heat exchange with the air flowing over its outer surface. The
thermal condition here 1is described in terms of a single representative

temperature.

For the develomment of 2 calculation method, the following basie
assumptions are made.

(a) The characteristic temperature of the components within the
equipment box A 1s described in terms of a single temperature T, which is
assumed to be the temperature at all parts of the surface of the box. Thus
it is assumed that the rate of heat storage in the component box can be ex-
pressed in terms of the time rate of change of Tp. Also the rate of heat
transfer from the equipment box to a cooling gys and to the insulation
or heat barrier on the box may be expressed in terms of T,.

(b) The insulation B is assumed to surround the equipment box and
the rate of heat storage and the rates of heat transfer from it may be ex-
pressed 1n terms of its outer surface temperatwre Ty.

(c) The non-critical bodies C within the compartment are assumed to
be represented by a single mass, the thermal characteristics of which may
be described in terms of a temperature Tg, which is the average surface
temperature of all such bodies.

(d) The air D within the compartment is given a separate identity
here although it is assumed to have no heat storage capacity. Thus the
heat transferred to and from the air may be expressed in terms of a single
average temperature Tp. The air is assumed to be always in thermal equili-
brium with the other reglons in contact with it.

(e) The insulation E is assumed to be on the inner surface of the
compar tment wall, Its thermal condition is deseribed in terms of a single
temperature Ty which is the temperature on the compartment-side surface of
the insulation,

(£f) The campartment wall F is assumed to have a single temperature
Tp at all points. The heat stored in it and transferred to and from it is

expressed in terms of this temperature.
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Homenclature

Surface area. ft°
Free convection modulus, (NGrNPr)/(x3At)

Free convection parameter, 0.12ka?/3 §2/3

Radlation tempersture function, [(T,/100)4-(1,/100)% ] /(Te-Ty)

Thermal capacity, Btu/°F

Specific heat, Btu/lb-°F

Tube diameter, £t

Computation factor

Shape factor in radiation heat transfer
Baissivity factar in radiation heat transfer
Fractien

Woight rate of flow per unit area, lb/hr-fi?
Convection heat transfer coefficient, Btu/hr-£t2-OF
Conductance, Btu/hr-"F

Thermal conductivity, Btu/hr-£t2-(°F/ft)
Thickness or length of conduction path, ft
Grashof mmber, 56.2(p/u )3(x/T)3 at for air
Prandtl number, ¢ u/k

i’ressm'o, in. Hg

Heat transfer rate, Btu/hr

Absolute temperature, °r

Temperature, °F

Velocity, ft/hr

Volume, ft3

Specific weight, 1b/ft3
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x
surface, ft

a Area ratio

At Temperature difference, %F

AT Time interval, Ir

$ Pressure ratio, p/29.92

€ Radiation emissivity

M Absolute viscosity, 1b/ft-ir

v Kinematic viscosity, £t2/mr

)3 Sun of

3 Time, hr

Subscripts

A Refers to equipment box

av Refers to average value during time interval

B Refers to insulation on equipment bax

c Refers to non-critical bodies

cd Indicates conduction

cv Indicates convection

D Refers to air in compartment

E Refers to insulation on compar tment wall

F Refers to compartment wall

g Refers to heat generated

n Refers to mean value, or a general region in the heat
transfer system

n Refers to another genmeral region in the heat transfer gystem

° Refers to heat conveyed to cooling system or atmosphere

rd Indicates radiation |

WADC-TR 53-114 151

— CONFIDENTIAL *

Distance from leading edge, or length of heat transfer

—CONFIDENTIAL .



http://www.abbottaerospace.com/technical-library

~CONPFIDENTIAL
Refers to heat stored
Indicat.s total temperature of air streanm
Indicates begiming of time interval

N e D

Indicates end of time interwval

S. Derivation of Equations

a. Heat Balance

Based on the syatem deplcted by Figure III-l and described
in part (2), the assumptions stated in part (3), and using the nomenclature
given in part (L), a set of heat balance equations may be written for each
menber of the gystem. These are

Qg * B - Qo ~ s = O (ITI-1a)

9B = %8¢ = %p ~ %BE~ %o ~Is " O (11I-1v)
%c * %c = % = s = O (IT-1e)

g * %E * I8 = 9F ~ 950 ~ Ige * O (ITI-14)
e = 9po = 9ps = O (HI-19)

Agp = 9pc = Gpg = Igo = O (111-11)

where is the rate of heat generation in the equipment box A, where all
heat stérage rates are indicated by the second subscript (s), such as
signifying the heat storage rate in the equipment bax, and where all rates
of heat tranafer to the external eompartment enviromment or to an internal
cooling system are indicated by the second subscript (o), such as gp, sig-
nifying the heat transfer rate from the compartment wall to the atmogphere.

b. Differential Equations and Difference Equations

These heat balance equations may be expressed in differential
form in terms of the temperatures, thermal capacities, conductances and
time, For example, the differential form of equation (III-la) is,

G = Ep(Ty = Tp) -4, = ;" - 0, (111-2)

where the heat transfer term qup has been replaced by the product of the
conductance K,p between the two regions A and B and the temperature differ-
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ence (Tp~Tp); while the heat storage term has been replaced by the thermal
capacity of body A, Cy, miltiplied by the time rate of change of its tem-
perature, dTy/dv. The terms g, and qy, have been left unaltered since their
magnitudes are dependent upon rate of heat generation and the rate of
heat removal by a cooling system, respectively.

In general the conductance K between any two regions is a function of
the temperatures of those regions and the time. Thus, equation (III-2) is
seen to be a differential equation with variable coefficients. To change
equation (III-2) to a difference equation it is necessary to replace dT
by the difference (T3,~T)q) and dr by the difference AT, where Tp) is the
temperature of reglon A at the begimning of the time interval st and T
is its temperature at the end of the time interval. The instantaneous
perature difference (TA-T ) is to be replaced by the temperature difference
at the begiming of the time interval (Tz9-Tpy). If these substitutions
are made in equation (III-2§ and the resulting equation is solved for the
temperature change (TAZ"TAl of region A, equation (III-2) becomes,

Tpo-Tn " 9 -G%‘E - Kap(Ta1 = Tp1) = %o éff (I11-3)

1f equation (ITI-3) is solved for T,», the temperature of region A at the
end of the time interval, it becomes,

AT AT . g AT B AT )

The factors Kyp( at/Cy) and  1-Kzp( at/Cy) multiply the temperatures of
the two regions Tgpy and T)q respectively. For convenience such factors are
designated by the letter F. Thus Kyg( A%/Cs) is replaced by the symbol Fap
and 1-K3p( A1/Cy) 1is replaced by the symbol Fzy. It may be seen that the
factor Fy, is the multiplier of the temperature T,y which is the initial
temperature of the region A for which the final temperature T,, is being
ecomputed, whereas the factar Fyp is the multiplier of the temperature Typj
which is the initial temperature of the region B which transfers heat with
region A, Using these factors, equation (III-};) may be written

AT DT
Tz G - U d *tFstm * Fala (111-5)

The heat balance equations (III-la through -le) may be transformed to
equations of the form of equation (IIT-3) to make possible the computation
of the temperature rise of each reglon during the time interval. For com-
putation of the temperature at the end of the time interval the heat balance
equations (III-la through ~le) may be transformed to equations of the form,
of equation (III-5). The heat balance equation for region D does not di-
rectly involve the time T, since it is assumed that the air (region D) has
no thermal capacity. For this reason, equation (ITI-1f) is treated as a
steady state equation and is discussed separately from equations (III-la
through =le).
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When these equations are transformed to the farm of equation (III-3),
they becoms,

Txo~Tp1 = 9y %;E —Xyp -‘gf (Ty1Pp1) %0 %5‘-‘ (III-6a)

Tee a1 = Kap 7 (Tax-Tpn)-Fac & (Tar-Te1)-S & (Tppy) -
- %e o (Tma-Tm)=dpo (TI1-60)
Te2~Tey = e é'g (T1o1) g & (Tpa~To1)-Kep £ (Tor-Tm) (XTIbe)

Te-Tn = K Aa-; (Tpy T ) ¥ %g (Tey=Tm ) #Epg %g (Tpy=Tm) -

- KEF %’-; (Tm_-TFl)-qu %g (III-6d)
Tpp=Tyy = Egp %:; (Tm-mFl).KFo(Tﬂ-motl) (II1-Ge)

The atmospheric temperature T ., in equation (III-6e) is the total tempera~
ture of the alr flow enveloping the compartment.,

The heat balance equation (IIT-1f) for the air of region D may be ex~
pressed in terms of the temperatures at the end of the time interval A< or
in terms of the temperature at the beginning of the time interval. This is
posaible glnce it is assumed that the air of region D is always in thermal
equilibrium with its surroundings. Thus equation (III-1f) may be written

Kap(TreTp2) = Epc(Tpo=Tc2) = Epg(Tpo~Tep) = Gpgz = O

Eep(Tp1~Tp1) = Epc(Tp1-Tea) = BpplTpiTm) = apoy = O

If the second of these equations is subtracted from the first and the
result solved for the temperature difference Tpe=Tp1, the resulting equa-
tion is

. En(Tso-Tm) = Epc(Tce-Ter) = Fpp(Tee-Tm) _ (apor-apo1)
201 * Yooz * XapEncor * Yanocor ~ Xepootor
(111-6¢)
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c. Temperatures at End of Time Interval

When equations {III-b6e through -6f) are solved for the tem-
peratures at the end of the time inmterval, there results a set of equations
similar to equation (III-5). These are,

AT _ AT
Taz * % T ~ Uo T, * Far'm1 * Tam (111-78)
' AT
T2 = FeaTa * Facor * Feo™p * FRE'EL ¢ TmemL - oy  (TT-T)
Tcz - FCBTBI + FCDTD]. + FCETE]. + FCCTCI (III-7°)

' AT
T = Fmp1 * FroTer * Foo'oy * Ferlr * Fe'm1 < 9mo T (111-74)

Tro = FepTgr * FroTol + Frrlrl (III-Te)
o2
Tpo = Ppelee *+ Fpelez * Fpelee = o (TII-7£)

4. Temperature Change in Time Interval

The equations for the temperature change (III-6a through =6f)
may also be written in terms of the F factors. They become

Tao=Tay = 9 .@f -q, g-: - Fpp(T33-Tp1) (111-8a)

Tro-Tp1 = Fra(Ta1=T51)-Feo(Tr1-T01)Frn(Te1~Tp1)-Fe(Tr1-TE1 )80 %
(ITI-8b)
Tez=Tc1 = Fep(Tp1-To1) *Fep(Tp1-Te1)-Fer(To1-Trm) (I11-8c)

Te-Tr = Fi(Th-Tr)¥FrlTe1-Trn ) F(Tp1-Tm )-Fer{Trn-Tr1 )-<aEo %—E
(II1-84)
Tre=Tr1 = FrE(TE1~Tr1)Fro(Tr1-Tota) (111-Be)

Tp2=Tp1 = Fpp{Tr2=Tp1)*Fpc(Te2-Te1) +*Fprl T2 ~Tr1 )= e
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The F factors in equations (IIX~7a through -=7f) and equations
(III-8a through -8f) have the following definitions,

WADC-TR 53-11Y4

FAB =
FA.A -
FBA -

Ky 87/Cy

1 - Fyp

Ky AT/Cp

Kpe AT/Cp

Kpp At/CB

Kpr AT/Cg

1- (FBA+FBC+FBD*FBE)
Xep a7/Cg

Kne nv/Co

Keg av/Cg

1 - (Fop+Fep+Fcg)
Kpg at/Cy

Keg a7/Cg

¥op a7/Cg

Kee a7/Cg

1 - (FpptFpo+F e +Fpp)
Kep av/Cp

Kpo AT/Cp

1- (FFE{EFO)
Kpp
Kep*pe g
¥e
KDB*igc*EBE
E

B pc*ipE
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(II1-0a)
(II1-91)
(IT1-9¢)
(II1-94)
(II7=9¢)
(111-9f)
(ITI-9¢)
(ITI-9h)
(111-91)
(I11-93)
(I17-9Kk)
(111-91)
(II1-9m)
(1I1-9n)
(I11-90)
(IT1-2p)
(111-9q)
(I1I-9r)

(I11-95)

(I11-9t)

(III-9u)

(III-9v)
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g. Determination of Time Intervals a<t to be Used

The value of the time interval a~ wiich should be used in
each step of these computations is the one which will produce the desired
accuracy with the least number of computations for the total time for wiich
the temperature~time curve is sought., It may be seen that if a7t is chosen
t00 gmall a large number of computations will be required to cover the total
time. On the other hand if AT is chosen too large serious inaccuracies
may result. These inaccuracies may be particularly serious at the start of
the temperature-time curve.

By examining any of the sets of equations (ITI-7) and (III-2), it will
be seen that ‘

TFy, = 1 (1II-2C)

where ZFp is the sum of all the F factors having a first subscript m, e.ge
equation (IXI-2g) shows that

Fm + FBB + FBC + FBD + FBE = 1.
From the set of equations (III~9) it may be seen that
Fpn >0 | (II1-11)

for m § n. This simply states that all conductances, thermal capacities
and time intervals are positive. A careful examination of any of the set
of equations (ITI-7) will also lead to the conclusion that

Fym € O (111-12)

For example, in equation (III-7¢c) if Fpg is negative the product FgeTel
would be negative. This would say that the temperature of the region C at
the begimming of the time interval has a negative effect on its ovrm tem=
perature at the end of the time interval. In other words, the higher Tpy
is the lower will Tpp be if Fop is negative. This would not be consistent
with the second law of thermog'namics.

It is possible however that regions transferring heat to or receiving
heat from a region m may have so large an influence on the temperature of
m that the temperature of m at the start of the time interval may have little
effect upon its temperature at the end of the time interval. This may be
stated by the equation

Fam = 0 (I11-13)
Thus, equations (IXI-12 and =13) may be combined to read

Fom = 0 (TII-1;)
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From the set of equations (III-9) it is seen that

T " 1-C I (TI1-15) ®
Equations (IIT-1h and ~15) may be combined to give the result
AT & -;3?‘; (III-16)

This leads to the conclusion that the maximum AT consistent with the
second law of thermodynamics is,
Cn

AT = _ZE (II1-17)

Tms, for any heat transfer system such as the one shown in Figure ITI-1 it
is necessary to compute the AT according to equation (III-17) for each
region and select the smallest. As a rule, it would not be necessary to
calculate the a7 for each region because most conductances vary little with
time, except radiation conductances which increase appreciably with the tem=
perature level. It 1s, therefore, possible to ascertain the critical re-
giong after the first few calculations and to omit thereafter calculations
for the other regions.

A careful examination of equations (III-7) will show that values of
AT that are too large will result in oscillating values of the temperature
with time, This oscillation may be serious at small values of <, i.e., at
the start, but will be less serious as steady state temperatures are ap-
proached, i.e., after a long time has elapsed. With experience it is pos=-
sible sometimes to select the value of a7 which may be too large to glve
accuracy during the initial part of the temperature curves but which will !
produce satisfactoary results at later times when the temperatures approach ‘
their steady state values. This may be necessary in many instances where \
the thermal capacity is small and the conductances are large, and thus very |
small values of AT would be required according to equation (III-].?). This \
may result in very many calculations to cover even a relatively short total
time. For this reason, it is often better to sacrifice some accuracy in
determining the initial shape of the temperature-time curves in the interest
of speed with fair accuracy in finding the curves for the later stages of
the heat transfer process.

COMPUTATION METHODS

1. Basic Methods Based on Conditions at Beginning of Time Interval

Tabular computations forms may be arranged for either the set of
equations (III-7a through =7f) or the set (III-8a through -8f). The ex=
pressions for the temperatures at the end of the time imterval as given in
equations (III-7) are most easily adapted to a tabular computation form
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since only the sums of products of F's and T's are involved. Computations
from this form of the equations, however, may be rather inaccurate unless
a calculating machine is used. This occurs because in most cases the value
of F,, 18 only slightly larger than zero whereas the value of F,. is only
slightly smaller than unity. In equation (III-7a), for example, Fap might
be of the order of magnitude of 1x10™3 in which case Fa; would be 0.999
(see equation (III-9b)). It would not be possible to ﬁstinguish the small
difference between Tpy and 0,999T,q if a slide-rule were used, whereas this
difference could be determined readily from the results of a calculating
machine. As a general rule, therefore, it is better to use equations
(ITI-7) for the final temperatures when calculations are performed by ma=-
chine, Bquations (III-8) for the temperature changes do not contain the
Fpgp terms and therefore multiplying factors close to unity are not encoun-
tered. For this reason it is better to use them in slide-rule ecmputations,
These computations are somewhat more cumbersome than those by equations
(I11-7) but do not present a serious handieap.

a. Calculating Machine Procedure

A convenient tabular form for equations (IXI-7) is shown in
Table IIIl,

Table 11I-1 '
Computation Table for Equations (ITI-7a through =7f)

A B c p¥ E F
(V) Taq Faa Fpa
)Ty Fap P Fep Fpp" Fgp

* .

(3) Tgy Pse  Foc Fnc Fro
(L) Ty Fm  Fop . i
(5) Ty Fgg  Feg Fpg Fgr  Fpg
(6) T : Fgp FFF

(8) g A':'/CA
(9) qu - AT/CA

(10) qg, - at/Cq

(11) qp, =1/ (Kppy#Knpg +Kpg)

(12) qg, - at/Cg

(13)  Tpo=  Tpew  Teee Tpe= Te=  Tpp=

The following steps are recommended in the use of Table ITI-1:
l. Determine initial values of T's, C's, K's and q's.
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2. Compute value of a7 froun equation (IIi=17),

3. Compute values of ¥'s and obter factors showmn in the vody of the
table.

L. Enter initial values of T's and q's in leit-hand colwman,

5. Multiply initial values in left-hand colwin by proper F values
shown in the table. Enter these products where the F's are shovm.
For example, Tpy is to be multipliozd by Fyp and Fgy with the first
product entered where #,, dis shown 2nid the second product entered
where Fgy 1s shown, This procedure is to be carried out for all
columns except D¥. This is starred %o indicate that the F-factors
in this column are to be multiplied by final temperatures rather
than initial temperatures.

6. Sum up all the products in eacia of the colwuwns A, B, C, E and F
and write the final temperatures at the botton,

7. Form the products in column D* by multiplying the F=factors indie
cated by the final temperatures taken from the last line, i.e.,
Fpp is to be multiplied by Tpp, etc. Enter these products in
column D and take the sum to get Tpoe

8+ Using the values of the final temperatures in the last line, as

?he initial temperatures for the next time interval repeat steps
1) to (7).

For accuracy the K's and consequently the F's, which change with teme
perature, should be computed for each time interval. For approximations
and for purpose of simplification, it is possible in some instances to se-
lect average values for the K's which would result in F-values constant
with time. This greatly reduces the computational effort required to evalu-
ate a set of temperature-iime curves.

As a rule it is possible to predetermine the variation of all con-
ductances with temperature and the variation of those conductances which
depend on the atmospheric environment with flight time. It is convenient
to prepare these variations in graphical form and to utilize the curves to
determine ingtantaneous values corresponding to initial interval tempera-
tures. Conductances whose variations with time are known are best used,

for improved accuracy, not as determined at the beginning of the time in-
terval but at its midpoint.

The computation of AT from equation (IXI-17) is also likely to be
found laborious. If care ls exercised to prevent excessive oscillations
in the calculated temperatire~time curves, values of a7 appreciably
greater than found by equation (III-17) may be used,

b. Slide Rule Procedure

A tabular form recommended for use in slide rule computations
is shown in Table ITI-2. The procedure in using Table ITI-2 is similar to
that for Table ITI-l. From the initial temperatures and flight conditions
all the values in the left~hand column are determined, except those which
are starred. Also for the initial conditions the values of the K's and of
the coefficients in the table are determined. The starred values in the
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Table III=2

Computation Form for Equations (IIT-8a through =8f)
A B c D E F

(1) Ta1= Tp1= Tey1= Tpa= T;m= Tpy»
(3) Tp1=Tca1 -Fpe +Fop

(L) Tpi-Tp1 -FBD

(5) Tp1-Tm “Fpg +Frp

(6) Tgy1-Twm ~TeR o

(7) Tpy-Tcy *Fep

(9) Ty Fp g
(10) TFl"Totl =Fro
(11) Tgo-Tpy* +pp

(12) Top=Ter ™ *Fpg

(13) TE’Z-TEI* +FDE

(14) q + at/Cy

(15) q4, - m:/CA

(16) g, - at/Cy

1
(17) apop=apo1” -
Do2™=Dol Kop e

(19) Ta2=Ta1= Tpo~Tp1= Tc2-Tci®  Tp2=Tpi*  Tee~Tm= Tro-Try=
(20) Tao=  Tp=  Tco= Tpe= T~ Tpe®

left-hand column can be determined after Tp2s Tee and Tpp have been deter-
mined for the chosen time interval a-v.

The same criteria as those applicable for the determination of con-
ductances K and time intervals a7 as pointed out for the calculating ma-
chine procedure may also be applied in the slide rule procedure.

2. Alternate Computation Method for Simplified System Based on

Average Conditions During Time Interval

If the heat transfer system being considered is simpler than that
shown in Figure III-l such as the system shown in Figure III-2, for example,
it is possible to modify the computation procedure for greater accuracy than

that obtalned by the methods already described.
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be obtainod by using average temperatures during the time interval in com-
puting the heat transfer.

Us Yo

Figure III=2, Two-Body Heat Transfer System

For example for the system in Figure III-2 the difference equation for
body (i) may be written,

c
= (Typty1) = qg = Ky5(Ty ol o)

where
! Tinav - E_J'_;.le-

TJ—G.Y -EJ!'.:_EJ?-

Of course it is necessary first to estimate the values of Ty2 and T4 and
then to campute by the tabular methods what those values should be, This
results in a trial-and-erroar process which would be prohibitive if there
were very many bodies in the heat transfer system., However, the procedure
would not be burdensome for & system containing a small number of bodies.
It is usually feasible to make good estimates by extrapolation of the tem-
perature-~time curves plotted concurrently with the computations.

THERMAL CAPACITIES AND CORDUCTANCES
1. Thermal Capacities of Composite Bodies

The thermal capacity C of any body is defined as the heat required
to raigse the temperatire of that body one degree. The valus of C for any
solid or liquid body made up of several components may be found by taking
the sum of the products of the weights and specific heats of each component.
Thus if an equipment item, such as A in Figure III-l, is made up of materi-
als having volumes vy, V), Vo, otc., specific weights wy, Wy, w., etc., and
specific heats, cg, cp, ¢¢, otc., respectively, its thermal capacity would
be
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) 4 a7 i

Cp = VaWaCy + WWpep + VoW, + otce (III-18)

The specific heats and specific weights of various materials may be
found in several handbooks (Ref. ITI-li, -5, and =7). As an approximate
gulde, the range of thermal. capacitles of one cublc foot of varicus classes
of materials are given in Table III-3, The thermal capacities of gases are
so small that as a general ruls they may be neglected in computations such
as those described here.

Table III-B

Ranges of Volumetric Thermal Capacitles and Specific Heats
of Various Clasges of Materials

Material Bta/tt3-°F  Btu/Ib-°F
Motals (solid) _
light (less than 300 1b/ 27 - 0 ol = .25
mediun (less than 600 1b/f%~) k1 - 60 09 - 12
heavy (more than 600 1b/ft”) 18 - 2 03 =~ 06
Liquids 15 - 65 b -1
Non-metals (e.g. glass, rubber,
pla.stiCB, ‘0“’ ‘tco) 10 - 5 0]5 - 055
Insulating materials {loose, e.g.
_rock wool, asbestos, etc.) 1-17 015 - .3

2. Conductances of Heat Transfer Modes

The thermal conductance K is defined as the time rate of heat
transfer per degree of temperature difference and is designated. The valne
of K for heat transferred from one body to another, ar from one part of a
body to some other part of the body, depends upon the modes of heat transfer
involved. Heat may be transferred by conduction, convection, radiation or
by some combination of them.

The heat transferred entirely within the boundaries of solid bodies
or across the interfaces of adjoining solid bodies, is assumed to be trans-
ferred by conduction., Heat transferred fram the surface of a s0lid body to
& fluid in contact with it is said to be transferred by convection. When
heat 1s transferred from one surface to other surfaces in a vacuum and with-
out contact, it is transferred by radiation only. Heat may also be trans-
ferred by radiation between two surfaces if the intervening medium transmits
radiant erergy. :

Since the thermal conductances for each of these modes of heat transfer
are computed by different methods, they are discussed separately in the fol-
lowing

a. Conduction Heat Transfer
Since the heat transfer computations being described here are
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such that differential equations are replaced by difference equations it
is possible to consider the heat transfer process in any time interval to
be in the steady state.

The basic equation for steady state conductive heat transfer is
qQ » - fka at/dL (II1-19)

For plane solids with heat flow perpendicular to the surface, equation
(III-19) integrates to
k, Aot

qQ = - (I11-20)

where is the mean thermal conductivity of the material. Iguation
(III-20) may be written

q = Ksq ot (I11-21)

where is the thermal comductance for conductlion heat transfer and is
defined _
ky A

ch L —r—- (III—Z?)

In many cases the flow of heat occurs through solids in which the area nore
mal to the path of heat flow varies as a function of the distance along the
path. In such cases the area to be used in equation (III-22) is the mean
value of the area Ay Thus,

kn Ap

Egq = B2 (II1-23)

Values of thermal conductivity k of varlous materials are given in handbooks
and texts on heat transfer (Ref. ITI-1 to -8).

b, Convection Heat Transfer

The basic equation for the rate of heat transfer by convection
from a swrface to a fluid in conmbact with that fluld is,

qQ = hAiat (I1I-2k)

The thermal conductance for this mode may therefore be written as
K.y = WA (111-25)
The value of the heat transfer coefficient h depends upon the type of

convection, (frqe or forced), the geometry, the hydrodynamical characteris-
tics, and the heat transfer characteristics of the system. Equations for
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the computation of h in a variety of special cases may be found in any heat
transfer text (Ref. III-1, -6, and =8),

ce. Radiation Heat Transfer

Heat transfer rates by radiation between two surfaces (a) and
(b) may be computed by the approximation

q = 0.172FjF¢ A [(T4/200)M~(Tp/200)% ] (I11-26)

where the emlissivity factor Fo, the shape factor Fy and the surface area A
on which the computation is to be based depend on the configuration of the
surfaces and their individual emissivities (see p. 61, Ref. ITI-1l). Egua=-
tion (ITI-26) may be written,

q = K., (T, -T) (I11-27)

where the thermal conductance K,q is defined by

0.172FFpd [(T,/200)8-(1,/200)%]
%a = S

a b

(111-28)

3+ Combined Conductances

a. Parallel Heat Transfer Paths

In many actual situations it is the usual practice to com-
pute separately the heat transfer between two bodies by each mode. In
other instances, however, it may be expedient to compute a combined con-

‘ductance for the heat transfer from one body to another by more than one

mode ar through intervening bodies.
If heat is transferred from body (2) at temperature T, to body (b) at

temperature Ty, along parallel paths that have conductances 'Ky, Kp, K3 o «
K,» then the combined conductance is

K-K1+K2+K3+...+Kn (III-29)
and the heat transfer rate is q = K(T, - Tp).

Typical examples of this are found when one body is connected to a
second body by two or maore conductive paths or when heat is transferred
from one body to another by more than one mode. For example, if heat is
transferred from one body to another by convection and radiation the com-
bined conductance is

K = —KCV + Krd (I11-30)
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where K, and K4 are defined by equations (III-25 and -28), respectively.

be. Series Heat Transfer Paths

In some cases the heat may be transferred from one body or
surface to a second body ar surface through one or more intervening bodies
in geries. If it is desired to express this heat transfer rate in terms
of a combined conductance and the temperatures of the two bodies, it is
necessary to compute the combined conductance as the reciprocal of the sum
of the reciprocals of the separate conductences. For example, if heat is
transferred from surface (2) at temperature Tg, to .surface (b) at tempera-
ture Ty, through a fluid medium between thenm, the combined conductance is,

K '-—1——1-—1—' (111-31)
sl o

CV-a cv=b

end the heat transfer rate is q = K(T,~Ty), when K,y o is the conductance
due to convective heat transfer from sur?ace (a) to ‘the fluid, and K,y.p
is the conductance due to convective heat transfer from the fluid to sur=
face (b), both determined by equation (III-25). Similarly, if surface (a)
is separated from surface (b) by several layers of solid bodies in series
having conductances, Kl 3, Kls3.2» Kod-33 o o o K3 ns the combined con-
ductance is,

K 1 1 L (III-32)

ce Serieg~Parallel Heat Transfer Pathsg

For the case where heat is transferred from surface (a) to
surface (b) through a trans t gas the combined conductance for the heat
transferred from surface (a; to surface (b) is,

K & Kg+=—1——1 (I11-33)

4. Conductances for Specific Cases

To illustrate the methods of determining the conductances for a
variety of specific cases, the values of the conductances involved in the
heat transfer system of Figure III-l and expressed in equations (III-6a
through -6£) will be developed here.

8. - Conductance between the surface of the equipment box A
and the outer surface of the lnsulation B. Since thls process involves only
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conduction heat transfer, the conductance is by equation (III-23)

Kyp 5’%—%——%) (111-34)

For most insulating materials used in aircraft the value of is in
" the range from 0.02 to 0.15 Btu/hr-sq £t~ (°F/ft). (See Appendix II.)

If it is desired to ex;ress all conductances in terms of the area of
the compartment wall, Ap,then equation (III-3li) may be written

Epp = kaaﬂlzfém”) (I11-35)

where
= Mty m ooy - hy/y (T11-3)

b. Kpg - Conductance between the outer surface of the insulation
B and the non~heat generatling bodies €. Heat may be transferred between
the insulation B and the non-heat generating components C by conductdon,
radiation and convection. Since the portion of the heat transferred by
convection must first be transferred between B and the air D in the com-
partment and between the air D and the non~heat generating bodies C, it is
best to separate the conductance due to convecticn from the conductance due
to radiation and conduction.

Since Kpg is a combined conductance for two parallel paths of heat
transfer (conduction and radiation) the conductance by equations (III-23,
=28 and -30) is

. . kpolng | 0-172FcFuhp [(1p/100)b=(Tc/200)% ]
I .

Ty =Te) (=31
where kpg, Apc and I'Bc are mean values of thermal conductivity, cross sec-
tional area and length of the conduction path connecting B and C.

In many cases, unless metal conduction paths are purpose]y provided,
the term kpoApo/Ipc 1s so small that it may be neglected. This is the
usual situation since equipment component boxes are usually mounted on vie
bration and shock mounts which are relatively poor heat conductorse.

Where the geometry of the system 1s simple it 1s possible to compute
the values of Fp and Fj from theoretical considerations. However in the
usual aircraft. equipment compartment being considered, the disposition of
the surfaces of body C which may consist of several bodies, lumped together
for convenience of calculation, with respect to body B may be very complex.
In tis case it is suggested that the product FeF, be replaced by the pro-
duct of the emissivity of body B and the estimated fraction of the surface
of body B which is "seen® by body C. It is further suggested that the
arez Ap be expressed.in terms of the area of the compartment wall, Ap.
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Thus, for the case where no metallic conductive paths are provided and
where it is not possidle to determine Fo and Fy with any accuracy, equation
(I11-37) becomes

0.172 € ptpo(agyaypdy) [(T/200) ~(1¢/100)]

- (111-38)
Tp - Ig
where fp. is the estimated fraction of body B ®seen® by body C.
Coe = Conductance between the ocuter surface of the insulation

B and the air the compartment D. This conductance is due to convection
alone and is defined by equation (III-25). If the alr in the compartment

is circulating by virtue of free convection alone the convection coefficient
h, may be found by one of the exact equations given in the heat transfer
literature. For purposes of estimation the following equation for free
convection may be used,

Kpp = a'(Tp=Tp)Y3 ap (111-3)

wher
(-] al - 0.12kD a]/3 J%/B »

the thermal conductivitg of the air and the free convection modulus a
(see p. 2L, Ref. III-1) being both determined at temperature (Tp+Tp)/2.

If the air in the compartment is circulating by virtuwe of forced con-
vection produced by a blower or other means, the convection coefficlent
will depend upon the shape of the passages through which the air passes and
the type of flow involved.

If the flow 1s streamlined the following approximate equatlions in
which an average Np, of 0.7 is substituted may be used to determine h.

(a) In circular tube h & 3.65 k/d (IT1-40)
(see pe 100, Ref. III-B)
(b) Over flat plate h = 0.6k(V/xv)M/?2 (ITI-41)

(see pe 93, Ref. III-3)
If the flow is turbulent the following approximate equations in which
an average Np. of 0.7 is substituted may be used:

(a) In circular tube h = 0.021(k/a%+2)(v/» )08 (III-42)
( . 113, Ref. III-1) .
(b) Over fist plate b = 0.055 (k/x0-25)(v/w )0-T5 (3I1-43)
. 126 Ref., II1-1
(o) Af::::sptuboa h = ).0032(T)°'3(G2/3/d1/3) (ITI-LY)

(see po 125, R&f. III-]-)

where X is the length of the plate, V the air velocity and G the weight
flow rate of air per unit minimum free flow area.
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For the case of forced convection then,
kpp = bpp Ag (I11-45)

where hpp, the forced convection coefficlent is determined from one of the
equations (III-}0 to =}l}) and Ag the area of body B in contact with the air
D may be expressed in terms of Ap the area of the compartment wall.

d., Kpg = Conductance due to radiation between insulation surfaces
B and E. (See % o)

0.172 €pfpr{apacarAy) [ (TB/IOO)h-(TE/lOO)h]
Tp = Tg

Egp = (IIX-46)

where fpp is the estimated fraction of body B "seen" by body E.

e, KCE = Conductance due to radiation between non-critical bodies
C and insulation E. (See Kpg.)

h_ b
fe - 017 chCE(ach%g_ E%%/lm) (T5/100)%] (TII-47)

where fop is the estimated fractlon of surface of body C "seen® by body E
and acg = Ac/Ap.

- f. Kpp - Conductance due to convection between the air D and the
insulation E on the compartment wall. The discussion applying to the con-
ductance Kp applies equally well to conductance Kpp.

If the air circulation is entirely by free convection,
Kp = a'(Tp=Tp)Y3 agp (ITI-48)
where a' is defined as for equation (III-38) and age = Ap/Ap.
If the air circulation is by forced convection,

KDE - hDE AE (III—!H)
where hpp, the forced convectlion coefficient, is determined from one of the
equations (III-4O to -hl) and Aj is the area of body E which is in contact
with the air.

Kpes the conductance between the air and the non-critical components

is determined in the same manner as Kpp, using appropriate values corre-
sponding to C rather than E in equations (III-48 or -49).
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g+ Epp = Conductance bebween the compartment-side surface of the
insulation on ge compartment wall E and the compartment wall F. This con-
ductance is similar to conductance Kjp and may be expressed by the equation

where Ly is the insulation thickness and ky, its thermal conductivity at its
average temperature. The term agp is defined by Apy/Ap, where Apy =
(Ag+hz)/2 and 1s practically equal to Ag.

he Ep, = Conductance due to forced convection heat transfer be-
tween the compartment wall F and the air flow over it, If it is assumed
that the compartment wall is the surface of the aircraft or misgile over
which air is flowing, that the compartment is short in the direction of
air flow, and that it is loccated on the average, some distance x aft of the
nost forward point of the surface, then

0.028 0

.8
Kpo -;arzko(g-) (Npp) Y2, (III-51)

In equation (III-51) {Ref. III-5), the thermal conductivity k,, the kine-
matic viscosity 2, and the Prandtl number Np. of the air are determined at
the mean of the wall surface temperature and the total air temperature,
(Tp+Tot)/2. If the alr velocity V over the wall is not defined and the wall
forms the boundary of a duct, equation (III-51) may also be written as

(N, )Y/3
Ko = 207 S fp— *0u (r1-52)

x

where G is ths weight rate of air flow unit duct area and the absolute
viscosity _u is determined at (TpeTq¢)/2.

BEquations (III-51 and ~52) are actually based on the local heat trans-
fer coefficient, as determined by the location x relative to the leading
edge of the surface. It can be applied to a short compartment, ons to two
feet long, by using far x the distance to the midpoint. However, if the
compartment extends to the most forward point of the wall surface, or very
near to it and is of appreciable length, Kg, should be based on the average
heat transfer coefficient. When x is redefined as the over-all length of
the wall surface from the leading edge to the aft end of the compartment
wall, the constant in equations (III-51 and -52) is changed from 0.028 to
0,036 to give the average value of Kp, for the entire surface.
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CALCULATION EXAMPLE

The following is presented as an abbreviated numerical revus of the
calculation methods and application of heat transfer equations given in the
preceding parts of this Section.

The temperature-time histories of the various idealized parts consti-
tuting a small compartment in a ramjet center body are to be investigated
for a glven flight plan., The compartment is a short c¢ylinder located on
the average 3.3 feet from the forward tip of the center body. The compart-
ment end walls are insulated so that heat flow through these surfaces can
be neglected. The stainless steel skin has a moderate insulation thickness
within the compartment. The compartment contains two types of equipment
items. Mechanical components of high bulk density and large thermal ca=-
pacity which are relatively insensitive to high temperature, and electronic
components of low bulk density and smaller thermal capacity which are sen-
sitive to high temperature. Since the flight plan is such that heat flow
into the compartment is to be expected, the electronic components are ingu=-
1%:ed. There is no heat transfer by conduction between the components and
the skin, The compartment is pressurized by ram, Free convective condi-
tions are agsumed to exist.

1. Characteristics of Thermal Regions (Figure III-1)

A. Electronic components (represented by one box)
Heat generation rate, q, = 670 Btu/hr
Surface area, Ay = 5.11 43
Thermal capacity, Cy = 8.88 Btu/CF
(71 1b at mean specific heat of 0.125 Btu/1b-OF)

B. Insulation on component box

Inner surface area, Ay = 5.11 £42

Outer surface area, Ag = 5.76 £42

Thickness, Iy = 0.029 ft

Thermal capacity, Cp = 0.L47 Btu/°F
(2.35 1b at specific heat of 0.2 Btu/1b-oF)

Radiation characteristics

to skin insulation, €gfpg = 0.25

to other components, € pfpg = 0.25
(based on assumed mean emigsivity of 0,5 and fraction
of radiation-exchanging surface area also of 0.50)

C. Mechanical components (non-aritical s represented by one unit)
Surface area, Ag = 5.11 ft
Thermal capacity, Cg = 33.4 Btu/°F
(150 1b at mean specific heat of 0.223 Btu/1b~°F)
Radiation characteristics
to skin insulation, € .fqp = 0.25
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~+ Insulation of skin
Imer surface area, Ag = 5.95 £42
Outer swface area, Ay = 6.28 £t2
Thickness, Ly = 0.0L8 ft
Thermal capacity, Cg = 0.94 Btu/°F
(k7 1b at specifi‘c heat of 0.2 Btu/1b-OF)

F. Compartment skin
Surface area, Ap = 6.28 ft2
Thermal capacity, Cp = L4.23 Btu/°F
(38.5 1b stainless steel at specific heat of 0.11 Btu/1b-°F)

2. Conductances

a. K,y (equation III-3})

ky = 0.03 Btu/hr-rt?~(°F/rt), (assumed constamt with
temperature changes

Kp = 0.03 5.%1+5.76

5.63 Btu/hr-°F
b. Epy (equation ITI-38)

Kpg = 0.172x0,25x5.76xBgz = 0.0025 Byo

where Bpg = [(T5/100)4(T5/200)%]/(T5-Tc)

ce Kpy (equation ITI-39)

Kgp = 5.76 at(15-1p)Y/3
d. Kpp (equation ITI-46)

Kpg = 0.172x0.25x5.76xBggy = 0.0025 Bpgp
e. Kop (equation III-h7)

Kog = 0.172x0,25x5.11xBop = 0.00221 Bep
f. Kcp (equation ITI-L8)

Kep = 5.1 at(Tg-Tp)Y/3
g. Epg (equation III-L48)

Kpg = 5.95 at(Tp-rg)¥3
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h. EKgp (equation III~50)
kp = 0.03 Btu/hr-£t2-(%F/1b), assumed constant

0.03(6.2845.95
Kpp = 3&0.0148 ) . 3.85 Btu/hr-CF

i. Kpo, (equation III-52)

Since the compartment is short axially, and is located some
distance fram the forward tip of the center body, it is satisfactory to use
equation (III-52) for local values of Kpy, as applied approximately to the
axial midpoint of the compartment surface. Also, any conducticn along the
skin suwrface is neglected. Thus,

0.028 KN )3 g
Kpo = -3-:‘30°~.§ x 6.28 x X0 G
K(Npp) 1/3

= 0,1387 ______O_B__ GO.8

This conductance Kp, determines qpo when multiplied with the avaiiable tem-
perature potential which is the difference between the skin temperature Ty
and the total temperature of the enveloping air flow T,i. Actually, the
latter should be the adisbatic wall temperature which S5 lower than Toy, and
depends on a recovery factor which is determined by the surface configura-
tion and the alr temperzture conditlons surrounding the compartment surface.
In this example, these conditions are not well defined. Therefore, equation
(I11-52) is used since at supersonic flight speed the mass velocity G and
the total temperature may be defined directly by the flight Mach number and
the atmospheric pressure and temperature conditions, providing the total
flow entering the diffuser pessses over the cemter body surface and no prior
heat addition takes place.

3. Initial Conditions and Flight Plan

During the brief operation prior to flight, the following tempera-
tures are attained:

T, = 572°R Tg = 56L°R Te = 560°R

Conditions during the flight plan are pre-defined in terms of flight
speed and altitude. This determines the variation of Tyt based on total
conditions and of G. Based on knowledge of the extent to wihich the center
body is pressurized in relation to the ram pressure rise (here 58 ger cent)
thg garlaﬁ_on of the relative pressure 4 with time is found. G

/ s 83 used in various equations for conductances, and T, are plotted
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versus flight time in Figure III-3, and describe the flight conditions fully
for purposes of calculation.

It is also co ent to use plots of otherlﬁriab&eg as calculation
alds such as a'/¢ Figure AIV-2) and (k(Npn)3)/ 49" (Figure III-L)
versus temperature in and the radiation temperature factor B versus
(Ta#Ty,)/100 (Figure AIV-1).

4. Caleculation Procedure

The application of the calculation methods previously discussed
is illustrated in the following for a time interval beginning at T = 0.3
hour after initiation of flight conditions. The initial temperaturs condi-
tions at 7 = 0.3 are

T3 = 607°R Tg = 674°R T = S67°R
Ty = 693°R Tp = 824°R Te = 13U3%R
Tot - 1353%

8. Time Interval Duration

From equation (III-17),

AT-—EG%

and is determined from one of bodies A through F which gives the smallest
A%e Thus,

For A, AT = Cy/K,p = 8.88/5.63 = 1.578
Far B, At = Cp/(Kyp+Kpo+Kpp+Kpp)
Kgg = 0.0025Bp; = 0.0025x965 = 2.L1
Kgp = 5.76x0.178x0.582x2.67 = 1.58

where a1/ 42/3 u 0,178 (i}om Fig. ATV-2_at 683.5%R), ¢2/3 = 0.582 (from
Fig. III-3), and (Tp-Tp)Y 3 = (693-674)Y/3 = 2.67.

Kgg = 0.0025Bgg = 0.0025x1710 = L.27
AT = 0.47(5.6342.41+41.5844.27) = 0,47/13.89 = 0.0338

Far C, AT = Cp/(XK;p+Kep+heg)

Kcp = 5.11x0.168x0.562x5.01 = 2.80
where a'/ 42/3 0,188 (from Fig. AIV-2 at 630°R), and (Ty-Tg)Y/3 «
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(693-561)%/3 = 5.01.
~ Kgg = 0.00221Bgp = 0.0022x1610 = 3,56

AT = 339)-[/(2 .hl+2 080+3.56) - 3.81

- Since the thermal capaclty of the air D is neglected, the air does not in-
fluence the choice of a~.

Far E, AT = CF/(KE"KE*K@*KEF)
Km - 5 .95!0.16620 058&5 o% - 2 090

h 1/62/3 u 0.167 (£r . AIV-2 at 758.5%R), and (Tp-Tp)¥3 =
?83;3633{3/3 - Sag, | e ’ i

at = 0.94/(4.2743.5642.9043.85) = 0.94/14.58 « 0.0645
For F’ AT = CF/(KFE‘I'KFO)
Kpo = 0.1387x0.2078x7400 « 213

where  k(¥p.)%/3/.08 a0.2078, from Fig. TII-k, at (Tp+Toy)/2 =
(131;31-1353?% = 1348°R , and G”*° = 7400 (from Fig, ITI-3 at T = 0.3).

AT = 1.23/(3.854213) = 0.0196

The time interval calculated for F is the shortest and should be used for
calculation. This could have been predicted from previous calculations be=
cause the ratio of CF/KFO would be significantly small throughout the flight
plan. The calculated value for At is rounded up to 0.02 for the purpose
of determining the resulting changes of temperature.

be F-Factors
From the conductances determined above, the chosen time in-

terval At = 0,02 hr, and the known thermal capacities the F-factors are
determined next, as follows.

Fap = 5.63x0.02/8.88 « 0.0127 (I11-9a)
Fpy = 5.63x0.02/0.47 = 0.2} (III-9¢)
Fpo = 2.41x0.02/0.47 = 0.,1023 {I1I-9b)
Fpp = 1.58x0.,02/0.47 = 0.0672 ‘ (III-9e)
Fgr = L.27x0.02/0.47 = 0.1815 {111-9£)
Fog = 2.41x0.02/33.4 = 0.001L43 (III-9h)
Fep = 2.80x0.02/33.L4 = 0.001678 (I11-91)
Fog = 3.56x0.02/33.L4i = 0.00213 (IT1-93)
Fgg = L.27x0.02/0.94 = 0,0908 (I11-91)
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AT = 0.
through (1

FDB L4 1058/(1058""2 080“"2 090) -
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3.56x0.02/0.9, =

FFo

2.90x0,02/0.9L
3.85x0,02/0.9L
3,85x0.02/4.23

201310.02/’.1.23 =

0.0758
0,0617
0.0820
0.0182
1.007

1.58/7.28

Fpeo = 2.80/7.28 = 0.38L
Fpp = 2.90/7.28 = 0.398

¢e Temperatures at End of Interval

= 0 0217

(I11-9m)
(III-9n)
(IT1-90)
(I11-9q)
(I11-9r)
(II1I-9%)
(I11-9u)
(III-9v)

Using slide rule computations, the temperatwres at the end of

for this time interval are listed as follows.

02, T = 0.3, are determined from Table 1IT-2, omitting items (15)
é) since qu0, 9Bos 9po and qQpo are all zero.

The mumerical valuss

A B c D E F
(1) Tpa 607 67k 567 693 82l 1343
(2) =67 0.85 -16.08

(3) 107 -10.96 0.15

(h) "'19 1028

(5) =150 27.20 ~13,6l

(6) =~257 0455 ~19 .49

(7) 126 0.21

(8) -11 -8,08

(9) "519 112-56 ""9th

(10) =10 10.07

(11) 1.hh 0.31

(12) 0.91 0.35

(13) 1.29 0.51

() 670 1.51

(19) 2.3 1.4L 0.91 1.17 1.35 0.62

(20) Tpo 609.s  675.h  567.9  69h.2  825.  13u3.6
S. Results

the preceding sub-section (Li).

Figure III~5 contains plots of all temperature variations with
time, obtained by interval calculations made by the methods illustrated in
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interval made in (Lza) was satisfactory because the end temperatures deter-
mined in (he) are seen to fall on the various curves. Only Ty appears to
oscillate slightly about its mean value which remains practically constant
at 133°R after 0.1 hour flight time, The choice of a larger time interval
in (La) would have effected a greater rise of Ty which would have been com-
pensated by a drop in Tp during the next time imterval. In the later
stages of the analysis, the time interval mag Be increased, since the time
interval is determined by Cp/(Epp+Kp,) and GV°° and with it, K;, decreases
with time. Comparing Tp ang Tot in Figure ITI-5, it is apparent that the
time lag in heating up the skin is relatively small because of the small
magnitude of CF/KFo' Thus, subsequent variations in Kp, because of reduced
weight flow of atmospheric air over the skin swrface have almost no effect
on the skin temperature. The temperature of the electronic equipment Ty
remains relatively unaffected by the initial skin temperature variation be-
cause of intervening thermal barriers and capacities. In this example, as-
sumption of a constant skin temperature of 1353°R, from the time at which
the flight is initiated, would have negligible effect on the variation of
equipment temperature, but would simplify the calculations.
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SECTIORN IV

TEMPERATURE RISE OF AN ATRCRAFT SKIN IN SUPERSONIC
FLIGHT

By T.-C. Taylor and Y. H. Sun

Heat transferred between the atmosphere and equipment within an
aircraft compartment must pass through the aircraft skin and the air
£ilm adhering to. the outside of the skin. Therefore, the thermal ca-
pacity of the skin and the external film heat transfer coefficient are
factors to consider in the analysis of aircreft equipment heat transfer
processes. The film coefficlent is involved in both steady-state and
transient heat transfer processes, while the thermal capacity is in-
volved in transient processes only. An analysis is made here to study
the imrortance of these two factors in transient skin heating problems.
The analysis is pertinent to the skin heating effects that occur when
an aircraft, whose skin is initially at low or moderate temperatures,
is suddenly launched or accelerated into supersonic flight at comstant
flight speed and altitude. The analysis is made with a view towards
possible gimplification of. computational procedures in the study of tran-
sient equipment temperatures.

SUMMARY

Heat transfer by convection to an aircraft skin in supersonic flight
is analyzed. A thin metallic skin is assumed, and the temperature gra-
dient through the skin is neglected. Equations are developed which de-
scribé the effects of heat flux, flight altitude, flight speed, and skin
thermal capacity on the skin temperature rise characteristics at constant
flight speed and altitude. The basic heat balance equation developed is
a first order differential equation and is formally integrated to give
an explicit solution for the time required for a given skin temperature
rise, corresponding to a set of assigned physical and flight conditions.
Calculation procedures are developed for applying the solution to the
case of an aircraft skin which is initially at low temperature and sud-
denly accelerated to high speed flight. The solution and calculation pro-
cedures are based on turbulent flow conditions over the skin.

Calculated results are given for a number of conditions to show the
qualitative effects of heat flux, flight altitude, flight speed, and skin
thermal capacity on skin temperature rise characteristics. The effects
and their significance can be summarized as follows:

a. A skin in supersonic flight at constant speed

and altitude tends to approach a limiting tem-
perature in a short time. If there is no heat
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flow through the skin, the limiting temper-
ature is the adiabatic wall temperature.
With heat filow, the skin approaches a tem-
perature sufficlently below adiabatic wall
temperature to provide the necessary temper-
ature potential across the external air film.
The difference in limiting skin temperatures
is small for _heat flux rates of zero and

800 Btu/hr-f£ at Mach 3.5 and altitude 60,000
feet. This suggests that the assumption of
a constant skin temperature in analyzing heat
transfer processes between the skin and equip-
ment would introduce small error, although
heat flux between the skin and the equipment
would vary somewhat with time. The use of
this simplifying assumption is Justified
particularly for cases where the flight time
is long compared to the initial period of
skin temperature rise. For a flight time of
ten times the initial period of skin temper-
ature rise, the assumption is quite accurate.

b. Flight altitude affects skin temperature rise
characteristics appreciably due to variation
of alr pressure with altitude. At high alti-
tudes the lowered alr pressure causes reduced

external convection heat transfer coefficients,

resulting in slower heating of the skin. For
a Mach number of 3.5 and & 0.064-inch thick
stainless steel skin, the time required for
the skin to undergo & given temperature rise
is increased about ten-fold by going from

40,000 to 100,000 feet. Therefore, the as-
sumption of a constent skin temperature for
flights of short duration is relatively more
valid at low altitude than at high altitude.

c. The principal effect of flight speed on tem-
perature rise characteristics of a skin is
the dependence of adiabatic wall temperature

on flight speed. The time required for a skin

to heat within a few degrees of its limiting
temperature decreases a little with increased
flight speed, but this time is principally de-
termined by other factors unrelated to speed.

of & skin is nearly proportinonal to the ekin
trhermal capacity, or skin thickness. There-

C. The time required for a given temperature rise

fore the assumption of constsnt skin te mperature
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for internal heat transfer analyses is re-~
stricted to long flight durations in the
case of thick-skinned aircraft compartments,

ANALYSIS

l. Assumptions for Analysis

A section of an aircraft skin is shown schematically in Fig-
‘ure IV-l. The outer face of the skin is exposed to air flow at super-
gonic speed, giving rise to aerodynamic heating effects.

UTER FACE

T AIR FLOW

/T TOTITIITIIIIOOII IO TITEL

COMPARTMENT
INNER FACE

Figure IV-1 Schematic of Aircraft Skin

It is assumed that heat flow takes place through the wall and into the
compartment. A thin metallic skin, such as stainless steel is assumed.
This permits assigning a uniform temperature T,; to the skin, since the
temperature drop between the parallel surfaces of the skin is very small
and negligible, compared to other factors in the analysis. In any prac-
tical case, the heat flow away from the inner face of the skin would vary
&3 it 1s dependent both orn skin tempersture and on thermal and physical
condltione in the compartment. However, in this snglysis the heat flux
wiil be teken as constant since it is dssirved only to show the effects

of magnitude of the heat flux on skin heating characteristice. It is sl~
g0 assumed that the thermal capacity of & unit skin eree is constant, inm-
plying & constant specific hesat for the skin materisl.
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2. Nomenclature

Symbol Definition Units
A,B, Constants of integration

Alt. Altitude ft.
a,b,c,d Substitution constants ‘

¢ specific heat at constant pressure Btu/lb-°R
(o4

Specific heat at constant volume _ Btu/1b-°R

g Gravitational constant = 4.17 x 10 ft/hre
h Coefficient for forced convection o
heat transfer Btu/hr-ftg- R
J Mechanical equivalent of heat = 778 ft-1b/Btu
k Thermal conductivity Btu/hr-ft-°R
M Flight Mach number dimengionless
n weight of skin per unit ares 1b/ft2
Pr Prandtl modulus E§E dimensionless
P Pressure 1b/£t2
qQ Heat flow or storage rate per unit
skin area Btu/nr-£t2
R Gas constant for air = 53.3 £t-1b/1b-°R
Re Reynolds modulus Yux dimensionless
K
r Recovery factor dimensionless
T Absolute temperature °R
u Flight speed ft/hr
v Substitution variable
w Skin thickness in.
X Characteristic length ft.
~ Weight density 1b/£43
& Ratio of pressure to sea level
standard conditions atmospheres
e Ratio of temperature to sea
© level standard conditions dimensionless
B Viscosity 1b/ft-hr
T Time hr
e Time min

Subscripts

1l Denotes initial value

ad Denotes adiabatic wall temperature
c Refers to compartment

lim Denotes limiting temperature

o Denotes external or outside value

os Denotes local static temperature
Refers to stored quantity
Refers to skin

% !
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3. Derivation of Equations

The heating or temperature rise characteristics of the skin
shown in Figure IV-1l can be described by writing a heat balance equation
for the skin. If heat is transferred to the skin from the extermal air
at the rate q_, stored in.the skin at the rate and transferred from
skin to the compartment at the ralte q., the heat balance is,

9 = Qg + 9 (Iv-1)

The heat transfer rate to the skin, dys is given by the equation
(Ref. (IV-1)),

1 = B (TeqTy)s (1v-2)

where h, is the external film heat transfer coefficient, which must be
selected consistent with the external air flow conditions and the skin
temperature. Reference (IV-1) gives point heat transfer coefficients
for supersonic air flow over a flat plate. If flow over the skin is

laminar,

ny = 0.0077(22)"" (1v-3)

If flow over the skin is turbulent,

: 0.8 -0.5
h, = 0.0212.§uP)O.2 (T,) (TV-4)
(x)
For values of the Reynolds number, ('Vux/u), greater than 5 x lO5 the
flow is turbulent, while for Reynolds numbers less than 8.4 x 10% the
flow is laminar. For values between 8.4 xIH;‘and 5 x 107 either type
of flow 1s possible. The Reynolds number is evaluated at skin temperature.
It will be shown later that, for the cases of interest here, the flow is
turbulent, so that equation (IV-l) is used to define h,. The adiabatic
wall temperature, T_ ., of equation (IV-2) depends on the local static tem-
perature of the atmosphere, the flight speed, and the recovery factor, as
defined by the relationship (Ref. IV-1):

2
Taa = Tog * r(—ii——) (Iv-5)
2chP

where c, is evaluated at Tos' If the recovery factor r = 1, equation
(1Iv-5), gives the total or stagnation temperature. The recovery factor
can be taken as (Ref. (IV-1))

r =[Pr (laminar flow) (Iv=6)
¢ =yPr (turbulent flow) (Iv-7)
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The recovery factor should be evaluated at skin temperature. For prac-
tical purposes, however, it is sufficiently accurate to evalueat r at
Ted, Since Pr varies only from 0.904 at -100°F to 0.863 at 1600°F, so
that the recovery factor is substantially constant even for large changes
in skin temperature. For cases of constant flight speed and altitude,

T _ and u sre also constant, glving a constant value of Tad'

(o]
The heat storage rate of the skin dg is given by the equation

as = myey T, (1v-8)
at

where the thermal capacity product m.c, refers to a unit skin area, and
is determined by

MCor = Tyl W (Iv-9)
12

for the skin thickness w in inches.

Equations (IV-1,-2,-4,-8) are combined and rearranged to give,

0.0212 (uP)O'S](T -7 ) = (7.)%? ary 4, ac 0.5 -
[(mvcw ‘) (x)0-2 ad “w W —E%5+(E;E;)(Tw) (Iv10)

This is simplified in form by making the substitutions,

=[/ 0.212\ (up)0-8
) {anucw) . ](T‘*d)’

b =%
2mwcv
c=-_2 ,
Taa
vl = Tw’
giving
v2 dv = dT. (Tv-11)

a+ dDvV +cC

For constant flight speed and altitude a, b, and ¢ are constants. There-
fore, equation (IV-1l) may be integrated to give,

5 L (Iv-12)
=v i b~=-2ac/ -2 T+ 2cv+ b
T E_‘__e_CDJB loga(a + bv + cv2) +__§_EZ_<_ tanh ______:__>+A
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where d = hac—bz, and A is the arbitrary constaat of irntegration, which
mist be established by assigring a particular value to T, corresponding
tO T= Oa

If the inner face of the skin in Figure IV-1l is perfectly insu-
lated, so that there is no heat flow through the plate, the value of
q. in equation (IV-1) is zero. For this case, equation (1IV-12) reduces
to

T= EEE logéizég__i_x_ +Y¥Y 4 B, (1IVv-13)
-2c JTad -V c

vhere B is the arbitrary constant of integration, which must be estab-
lished by assigning a particular value to Tw corresponding to T= O,

Equations (IV-12) and (IV-13) are derived for turbulent flow, and
therefore should not be used if the Reynolds number is in the laminar
flow region, If the flow is laminar, equations (IV-1,-2,-3,-8) are
used to derive an equation for the skin temperature rise with time. The
equation for laminar flow is easily derived and is simpler in form than
equation (IV-12).

Lk, Procedure for Calculating Skinh Temperature Rise

A method for calculating skin temperature rise using equation
(Iv-12) or (IV-13) is described here. Detailed calculation procedures
and sample calculations are appended to this section.

Since equations (IV-12) and (IV-13) are derived for turbulent
flow, the Reynolds number must be calculated first to determine if the
air flow over the skin is laminar or turbulent. Fluid properties of
the Reynolds number are evaluated at skin temperature. The lowest
Reynolds number occurs at the highest skin temperature, since the air
density is at its lowest value, while viscosity is at its highest value.
Therefore, if the flow at a skin temperature equal to the adiabatic
wall temperature is turbulent, the flow conditions would have to be tur-
bulent for any skin temperature lower than this limiting value.

The aciabatic wall temperature, Ta s 18 calculated using eque-
tions (IV-5) and (IV-7). The value of Tog i8 determined directly from
the NACA standard Atmosphere given in Table AT-1.  The tebie gives values
of 80 corresponding to altitude, where Tog = 5196, It is then neces-
sary to assume a value of T_. to evaluate r with equation (IV-7). This
value of r is then used in equation (IV-5) to calculate T_ .. If the
calculated result agrees with that assumed for equation (IV—?), the
value of T is accurate. Otherwise the calculated value is used to re-
peat the evaluation of r, and the trial and error process is repeated
until agreement between assumed and calculated values of Tag 1s achieved.
Because of the small variation of Pr with temperature, agreement be-
tween calculated and assumed values of T,g within 10°R is sufficient.
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Values of the Prandtl modulus are given in Figure AI-1.

The characteristic length x of the Reynolds rember is assigned
a value appropriate to the skin section being analyzed. For flow past
a flat plate, x is the distance from the leading edge of the plate to
the point of interest. For an application such as a ram-jet centerbody,
x can be taken as the distance from the nose of the centerbody to a point
about midway in the centerbody skin area being analyzed.

The flight speed u must be known for use of equation (Iv-5),

equation (IV-12), or for calculating Reynolds number. If the flight
gpeed 18 given in terms of the flight Mach number, u can be calculated

by
u= M((EP.)g RT g (Iv-14)
c
v

The air density 7 for the Reynolds number is determined from
the perfect gas law

Y= _EF (Iv-15)

for evaluation of the Reynolds number at minimum value conditions. The
pressure P is obtained from the NACA Standard Atmosphere of Table AI-1l.
This table gives values of § corresponding to altitude, where P = 2118§ ,
The use of ambient pressure is strictly correct only for a flat plate

skin on the outer surface of the aircraft. For an application, such as

a ram-Jet centerbody, the local static pressure should be used to eval-
vate 7. Therefore the use of P = 21188 gives values of Reynolds number
and heat transfer coefficients, oy equa%ions (Iv-3) and (IV-4), which

are applicable to an external aircraft skin but somewhat low for & ran-
jet centerbody skin.

With the flight speed, the characteristic length, the air den-
sity, and the air viscosity evaluated at T4 (Figure AI-1), the Reynolds
number is calculated from

Re = (vux)/u

With the quantities previously determined, the substitution con-
stants a, b, and c are also calculated. Equation (IV-12) is next used
with an assigned value of the substitution variable, v =./T;, correspond-
ing to T= O, and solved for the constant of integration, A. It is then
possible to solve equation (IV-12) for any value of T corresponding to
any value of T, in the range from the initial value assigned to determine
A to the limitgng value of T, = Tad’ where T = co.
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Equation (IV-13) for the case of no heat flow through the skin
is solved in similar fashion.

EFFECTS OF PRINCIPAL VARIABLES ON SKIN TEMPERATURE RISE

1. Heat Flux Through the Skin

The effect of heat flux on the temperature rise of a skin in
supersonic flight is Shown in Figure IV-2. For the cases shown, 1t is
assumed that the skin is initially at 392°R, the ambient temperature in
the isothermal layer, and that the aircraft is suddenly accelerated in-
to flight at Mach number 3.5, altitude 60,000 ft. The upper curve rep-
resents the case of no heat flux through the skin and the lower curve
represents the case of = 800 Btu/hr-fte. The characteristic length
for the Reynolds number evaluation and heat transfer coefficient eval-
uation is 3 feet, which gives a minimum Reynolds number evaluated at
adiabatic wall temperature of 1.05 x 106. This is well within the tur-
bulent flow region.

When there is no heat flux, the skin temperature approaches the
adiabatic wall temperature (1230°R) as a limit, With heat flux, the
skin approaches some temperature. sufficiently below the adiabatic wall
temperature to provide temperature potential for the heat flux through
the air film. In either case it is epparent that the skin achieves sub-
stantially its limiting temperature within four minutes flight time.

The tick marks at the beginning of the horizontal portion of the curves
indicate the time at which the skin temperature is only 2°R below its
limiting value. This sgme indication is used in succeeding plots.

The small difference in limiting temperatures between q. = 0
and q. = 800 Btu/hr-ft2 indicates that considerable variation in heat
" flux could occur during a flight without having appreciable effect on
the skin temperature. This suggests the possibility of analyzing heat
transfer processes between:the skin of a compartment and any equipment
within by using a constant skin temperature, since variations of heat
flux between the skin and equipment would not have sufficient effect to
change the skin temperature appreciably. Figure IV-2 indicates that the
skin temperature selected for such an analysis should be selected appro-
priate to the order of magnitude of the estimated heat flux. If the heat
flux is small, the adiabatic wall temperature is used. If the heat flux
is large, the external film heat transfer coefficient should be evalu-
ated using equation (IV-3) or (IV-%) and the appropriate skin temperature
determined from equation (IV-2). By means of such a preliminary calcu-
lation, the evaluation of external film heat transfer coefficients is
eliminated from the calculation of heat transfer between the external
air and equipment within the aircraft thus reducing labor in meking cal-
culations. It is obvious from the results shown that a constant skin
temperature could not be assumed for a very short flight. The use of
this simplification is restricted to flight durations that are long
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compered to the initial skin heating period. The heat flux is seen to
have little effect on the duration of this initial heating period.

2. Flight Altitude

. The effects of flight altitude on temperature rise cn a skin
are shown in Figure IV-3. The cases shown are for no heat flow, Mach
number 3.5, and initial skin temperature of 392°R. The minimum Reynolds
numbers as evaluated at adisbatic wall temperature and for a characteris-
tic length of 3 feet are as follows:

Altitude Re
40,000 ft. 2.72 x 106
60,000 Tt. 1.05 x 100
80,000 ft. 4.03 x 107
100,000 ft. 1.56 x 102

The values of Re for the two highest altitudes are below the critical
turbulent value of Re = § X 105 for a flat plate. However, since they
are well above the minimum value of Re = 8.4 x 10“ for transition flow,
turbulent flow heat transfer coefficients are used.

The plots of skin temperature versus time in Figure IV-3 show
reduced rates of heating of the skin with increased altitude. Since all
cases shown are for the same flight speed and for the ambient tempersature
of the isothermal layer, the difference in performance is due to the
variation of air pressure with altitude only. From equation (IV-4) it ~
is apparent that the film heat transfer coefficient is proportional to
(P)O' , 80 that the lower pressure at higher altitude reduces the heat
transfer coefficient. This effect is important in its relation to the
assumption of a constant skin temperature for analyzing heat transfer
between the skin and equipment. The assumption is not valid for flights
at very high altitude, unless the flight time is in the order of about
100 minutes.

3. Flight Speed

The effects of flight speed on temperature rise of a skin are
shown in Figure IV-4. The cases shown are for no heat flux, altitude
60,000 feet, and initial skin temperature 392°R. The minimum Reynolds
numbers as evaluated at adiabatic wall temperature and for a character-
istic length of 3 feet are as follows:

Mach Number Re
1.5 1.79 x 10%
2.5 1.49 x 100
3.5 1.05 x 106
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The Reynolds numbers decrease with increasing flight speed because of
the change in adiabatic wall temperature. As flight speed increase,
adiabatic wall temperature increases, giving reduced air density and
increased viscosity. Both of these effects tend to reduce the Reynolds
number, and their combined effect is greater than that of flight speed,
which tends to increase the Reynolds number, All of the Reynolds num~
bers indicate turbulent flow.

The plots of skin temperature versus time given in Figure (IV-14)
indicate that the time required for the skin to approach very close to
adiabatic wall temperature is decreased slightly for increase of flicht
speed from Mach = 1.5 to Mach = 3.5, The more rapid heating, in the case
of the higher flight speed, results from the higher heat transferocgef-
ficients at higher flight speeds, since hj is proportional to (u)”*” and
the greater average temperature potential, (Tad'Tw)° The higher tempera-
ture level tends to decrease heat transfer coefficients at higher flight
speeds since h, is proportional to l/(Tw)0'5, but this effect is dominated
by the other two. It is therefore concluded that the validity of assuming
& constant skin temperature for analysis of internal equipment heat trans-
fer processes is nearly indedendent of flight speed in the supersonic range.

k, Thermal Capacity

The effects of skin thermal capacity on the temperature rise
of a skin in supersonic flight are shown in Figure IV-5. The cases
shown are for no heat flux, altitude 60,000 feet, and flight Mach num-
ber 3.5. As for the earlierécases under these conditions, the minimum
Reynolds number is 1.05 x 10¥, indicating turbulent flow at a character-
istic length of 3 feet. The skin thermal capacity is displayed in terms
of skin thickness, since, by equation (IV-9), thermal capacity 1s directly
proportional to skin thlckness.

The plots of skin temperature versus time show that the time
required for a given temperature rise is almost directly proportional
to the thermel capacity of the skin. Therefore, if the skin thickness
is doubled, the time required for it to rise to nearly its maximum tem-
perature will be approximately doubled. The skin thermal capacity is
therefore important in determining the validity of the constant skin
temperature assumption for interior heat transfer processes. A thick-
skinned missile could not achieve substantially constant skin tempera-
ture on a flight of short duration. Therefore the effects of skin ther-
mal capacity and outside film heat transfer coefficient would have to be
included in the analysis of heat transfer between the air and the equip-
ment of such a missile.
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APPENDIX 10 SECTION IV

1. Calculation Procedures and Sarple Calculations

Detailed calculation procedures are given here, together with
sample calculations, to illustrate the use of equations (IV-12) and
(IV-13) for evaluation of skin temperature rise in supersonic flight.
There procedures are based on turbulent flow conditions.

Procedure A. Temperature rise of an aircraft skin in supersonic
flight with heat flux through the skin.

Given Data:

Altitude = 60,000 ft.
Mach number, M = 3.5
Initial skin temperature, Ty = 392°R

Stainless steel skin, w = 0.064 in..
¢y = 0.11 Btu/1b-°R
'y = 490 1b/Ft3
Characteristic length, x = 3 ft.
Heat flux, q. = 800 Btu/hr-ft°

Calculate time when T = 900°R

1. Get T, , from NACA Standard Atmosphere in Table AI-1,
Tog = 5198, 6, = 0.7561 Tog = 519 x 0.07561 = 392°R

u = M/(ER g RT g
fv

u = 3.ﬁfl.u x 4.17 x 108 x 53.3 x 392 = 1225 x 10*¢t/hr

2. Calculate

(-]
3. Assume Tad Tad 1230°R

4. Evaluate r=JPr at Tgq» using physical properties of

of air from Figure AI-1 at Tad

r= 663 = 0.871

5. Calculate Tad =T +T u?
o8 2‘J6p

. (1225 x 10%)2 x 0.871 . 1232°R
Taa = 392 * S 97 x 108 x 718 x0.24 3

( for cp evaluated at 392°R)
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If the calculated value of step 5 agrees within 10°R
with the assumed value of step 3, take the calculated
value as correct. Otherwise use the calculated result
as the assumed value for the next trial, and repeat for
agreement within 10°R.

6. Get P from NACA Standard Atmosphere of Table AI-l.

P =21185 §. = 0.0713 P = 2118 x 0.0713
°c = 150.91b/:t*1-.Z

T« Calculate
v = S : T
RTaa

¥ =_150.9 = 0.0023 1b/ft3
53.3 x 1232

8. GetpatT ad from physical properties of air, Figure
AI-1 p = 0.08 1b/ft-hr

.9. Calculate
Re yux

I

Re=: _0.0023 x 1.;235 x 10* x 3 = 1,056,000
) O.

(this value indicates turbulent flow, therefore the
remainder of the procedure, based on equation (12),
is applicable).

10. Calculate

Y, Cyl

m,c, = 470 x 0.11 x 0.064 = 0.288 Btu/°R
= _

11. Calculate
a = 1.358 x 106

12, Calculate

b= ~-bc
. 2mwcw
b = -1391
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13. Calculate
-2
)

¢ = ~1100

1 "«/ﬁ:‘t

vi = 19.8°R

14, <Calculate

15. Calculate
A= -(%1)+ )1oge(a+bv +cv2) - (b -gac [(%.a_) tann-1 ,Efcfaﬂn ]
A= -1.108 x 1072

16. Calculate
v -/‘E; = /1000

v = 31.62
17. Calculate
- (%),; (%Ez) log, (a+bvecyv?) + (Rz_;.;%a.ﬁ) 'Tfa. ta.nh'l(?%‘ik) + A
~ =0.01779 hr
or ' = 1.068 min

Procedure B, Temperature rise of an aircraft skin in supersonic
flight without heat flux throughtthe skin,

Given Data:
Same as example of Procedure A, except q_ = O Btu/hr-£t2

Steps 1 through 13 of Procedure 1l are followed to evaluate the
Reynolds number and determine the substitution constant, c.

14. Calculate
V) =Ty = A392°R

Vl = 19.8

15. Calculate

= () V3 e ()

B =-6.00232
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16. Calculate

v =T = /1000

v = 31.62
17. Calculate

= "@‘;‘1 lose(%:_) + (lcf.) +

T= 0,01582 hr
or ' = 0.95 min

B

2. Reference

(Iv-1) Johnson, H.A. etal A Design Manual for Determining the Thermal
Characteristics of High Speed Aircraft Army Air Forces Tech-
nical Report No. 5632, 10 September 1947, Wright Field, Dayton,
Ohio
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SECTION V

TEMPERATURE RISE OF EQUIPMENT IN AN UNCOOLED
COMPARTMENT DURING SUPERSONIC FLIGHT

By T. C. Teylor, Y. H. Sun, and M. L. Smith

Alrcraft equipment will not alweys require cooling in supersonic
flight, even though the flight speed may be great enough to give a skin
temperature considersbly sbove the maximum allowable equipment tempera-
ture. If at the beginning of flight the equipment is below its maximum
allowable temperature, it can absorb heat because of its thermal capac-
ity. The quantity of heat that can be absorbed in this way is propor-
tional to both the thermal capacity and the equipment temperature rise
that can be allowed during flight time. Where the combined effect of
these factors is great enough, operation of the equipment within the
proper temperature range is possible without cooling for flight dura-
tions of practical interest. Heat absorbed by uncooled equipment con-
sists of heat which comes into the equipment compartment through the
aircraft skin and heat which is generated in the compartment itself.
The first of these two heat loads can be reduced by insulation effects
and radiation shielding. The generated heat load usually cannot be
reduced in an uncooled compartment but its temperature-raising effects
can be minimized by increased thermal capacity within the compartment.

The uncooled equipment compartment has the merits of physical
eimplicity and reliability of performance. Therefore it deserves first
consideration in seeking a system to meet desired performance.character-
istics.

SUMMARY

The temperature rise of equipment due to external and generated
heat loads in an uncooled compartment is considered. The external heat
load is assumed to consist entirely of free convection and radiation
heat transfer from the portion of the aircraft skin or the skin insula-
tion associated with the compartment. The air pressure in the compart-
ment is assumed to be constant and free convection heat transfer is
described by using coefficients which are the average of those for a
number of regular geometricel shapes. Thermal capacities of skin insu-
lation and air in the compartment are neglected.

Equations are developed, based on a unit skin area, to describe
radiation and free convection heat transfer. Calculation procedures
based on these equations are given in a general form. The variables
describing equipment and compartment characteristics are expressed on a
unit skin area basis, permitting wide application of the method.to the
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study of factors significant to the time-temperature performance of
equipment in an uncooled compartment. The significant variables studied
are equipment thermal capacity, skin insulation thickness, equipment
heat generation rate, ratio of free convection to radiation heat trans-
fer area, compartument air pressure, free convection modulus, and.skin
temperature. The time-temperature performance evaluations are all made
for constant skin temperature, a condition approximated by high flight
speeds at constant Mach numbers and constant altitude.

Results of calculations made with the general procedure are used to
develop a simplified analysis, based on the nearly linear variation of
external heat load with equipment temperature. A design procedure is
based on the simplified analysis, and permits determination of the insu-
lation thickness required to limit equipment temperature rise to a
desired value. An example design is included with the procedure. The
results of a large number of calculations made with the analytical pro-
cedures are given. Based on these results, the effects of significant
equipment and compartment characteristics can be summarized as follows:

1. Thermal capacity of equipment has a strong delaying effect on
equipment temperature rise in an uncooled compartment. The time rate of
temperature rise is directly proportional to the sum of external and gen-
erated heat loads, and inversely proportional to the thermal capacity
of the equipment. Therefore if the thermal capacity of the equipment
is doubled, the time required for a given temperature rise is doubled
under the same conditions of external and generated heat load., Thermal
capacity is the only influence in an uncooled compartment which tends to
offset the temperature rise created by both external and generated heat
loads. Therefore where space and weight requirements permit, thermal
capacity should be added deliberately to a compartment to delay tempera-
ture rise.

2, Skin insulation can be used to reduce the external heat load on
compartment. In the case of non-heat-generating equipment, insulation
is therefore an effective means of delaying equipment temperature rise.
In the case of heat generating equipment, insulation is less effective
in delaying equipment temperature rise, since it has no effect on the
generated heat load.  For example, an increase of insulating effect
from U; = 1.0 Btu/hr-£t2-® to U; = 0.20 Btu/hr-£t2-°R increase the time
required. for equipment of certain characteristics to heat from UW60°R to
860°R from 111 minutes to 385 minutes flight time with a constant skin
temperature of 1355°R. For equipment of the same characteristics, but
generating 150 watts per square foot of skin area associated with the
compartment, the same increase of insulating effect increases flight
time only from 50.5 minutes to 75 minutes. Under unfavorable combina-
tions of high generated heat load and low thermal capacity, the space
requirements of insulation are likely to be objectionable, particularly
in smell compartments.
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3. The equipment's ratio of free convection surface area to
radiation surface area is important in determining the relative magni-
tude of the equipment's heat gain by free convection. Where possible,
equipments should be grouped in a manner which reduces the area avail-
able to free convection, such as by butting surfaces against one another,
or providing spacings of 3/8-inch and less between equipment surfaces.
The same results could sometimes be achieved by encasing a large number
of small equipment components together in a single case. The effects of
the ratio of convection to radiation surface area are important only
where free convection heat loed 1s important compared to generated heat
load, radiation heat load, and thermal capacity.

4. Compartment air pressure has great influence on the rate of heat
transfer by free convection, and therefore is significant to the rate of
equipment temperature rise with time, Heat transfer rate by free convec-
tion is proportional to §1/2 or §2/3 , depending on physical and temper-
ature gradient conditions, where 8§ is the compartment air pressure,
expressed in standard atmospheres. Therefore, the free convection heat
load to the equipment can be reduced greatly by maintaining low air pres-
sure in the compartment. If this does not Jeopardize equipment operation,
it 1s a good means for obtaining insulating effect against the free con-
vection portion of external heat load, without the spare and weight
penalties of insulating materials. As an example, for non-heat-generating
equipment in an uninsulated compartment with a skin temperature of 1355°R,
s reduction of compartment pressure from § = 1.0 to § = 0.10 reduces the
average rate of equipment temperature rise by almost 80 percent. This
percentage is based on a temperature rise from 460°R to 960°R in both
cages., For heat generating equipment, the effect is qualitatively the
same, but less pronounced.

5. Surface emisgivities of equipment bodies and of the aircraft
skin or its insulation are important to heat transferred by radietion.
Low emigsivities reduce radiation heat transfer, Reflective surfaces
should therefore be used to protect equipment from excessive external
heat load &ue to radiation.

ANALYSIS

1. Assumptions for Analysis

Since an uncooled equipment compartment is considered, it is
assumed that there 1is no flow of air into or out of the compartment except
as required to maintain constant pressure. It is also assumed that the
heat transfer process between the skin and the equipment takes place only
through those faces of the equipment compartment which are contiguous with
the skin or its insulations, and that no other heat transfer is involved.
As an example, Figure V-1 shows a cylindrical eompartment containing
equipment, and assumed to form part of a ramjet engine centerbody.
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Figure V-1. Schematic of Compartment in a Ramjet Centerbody

Under the assumptions made, heat flows from the centerbody skin
into the compartment through the insulated wall only, and no hest is trans-
ferred through the interior walls. It is also assumed that no heat is
transferred between skin and equipment by solid conduction, which re-
quires that the equipment shock mounts do not attach to the skin or its
insulation, or that whatever they do attach to is well insulated and sub-
stantially at equipment temperatures. Transfer of heat between the skin
and equipment occurs, therefore, by conduction through the skin insula-
tion and by free convection and radiation within the compartment .

It is assumed that efficlent use will be made of the compartment
space, s0 that the total of all equipment placed inside will nearly fill
the compartment. This permits simple analytical treatment of radiation
heat transfer as the case of a totally enclosed body, large compared to
its enclosure. Since it is desired to hold radiation heat transfer to a
minimm, it is assumed that the skin insulation, where used, is faced on
the inner face with a reflective material, such as aluminum foil. It is
also assumed that the equipment is cased with a reflective outer surface,
although the analysis is general and rermits evaluation of instances where
reflective protection is not used on either skin insulation or equipment.
In addition to the physical configuration asnd the surface emisgivities,
radiation heat transfer is also a function of the inner face temperature
on the skin or insulation, and of the equipment temperature. For calcu-
lation of radiation and free comvection heat transfer, it is assumed that
- all parts of the equipment surface are at the same temperature. This
would not actually be true because of variations in surface area, sur-
face emissivity, location, thermal capacity, and heat generation rate of
different equipment bodies. The single temperature, however, can be in-
terpreted as a value which appropriately describes an average condition
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for the entire equipment surface.

Ordinarily, the equipment installed in an aircraft compartment
would be of a variety of shapes and sizes. Fortunately, however, the
free convection heat transfer coefficients for vertical plates, horizon-
tal plates facing upward or downward, horizontal and vertical cylinders,
and spheres do not vary greatly, so that an average coefficient can be
used, eliminating detailed consideration of each equipment surface. This
same average value of free convection coefficient applies to the inner
surface of the aircraft skin or its insulation, if any. In the use of
these coefficients 1t is assumed that the free convection heat transfer
is the same for heating or cooling of a surface. Present knowledge does
not warrant making a finer distinction. The surface area of the equip-
ment which is gignificant to free convection heat transfer is greater
than that involved in radiation heat transfer, as there will usually be
surfaces accessible to air circulation which are not '"seen™ by the air-
craft skin. This is accounted for in the analysis by introducing the
ratio of convective to radiant heat transfer area.

In the derivations to follow, the thermal capacities of the air
in the compartment and the skin insulation have been neglected, since
they would not be large enough ordinarily to be important. The cmission
of these two thermal capacity effects has a slightly conservative influ-
ence on the calculated equipment temperature rise, since the calculated
rise is slightly greater than the actual rise would be.

The heat transfer processes analyzed here are confined to those
taking place inside of the aircraft skin, and the equations are put in
& form suitable for the case of constant skin temperature during the
flight. The aBsumption of constant skin temperature gives conservative
results for equipment temperature rise 1f the proper interpretation of
the skin temperature is observed. For instance, if the skin temperature
used is the adlabatic wall temperature corresponding to flight speed and
altitude of the aircraft, the calculated equipment temperature rise is
greater than would actually occur. The true skin temperature will be
less than adiabatic wall temperature by an amount depending on the con-
vection heat transfer coefficient on the outside of the skin and the heat
flux through the skin. Therefore, the use of adiesbatic wall temperature
in place of true skin temperature assumes a greater temperature potential
for the transfer of heat from the skin to the equipment than would exist,
actually giving conservative results for temperature rise. If the re-
covery factor for the outside surface of the skin is neglected, and the
skin temperature is taken as total temperature for the flight speed and
altitude, the results are even more conservative.
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Symbol
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Nomenclature

Definition

Surface area

Empirical constant for external
heat load

A convection group, defined in
equation (V-T)

A convection group, defined in
equation (V-9)

Temperature function for radia-
tion heat transfer

'Empirical constant for external

~heat load
Empirical coefficient for free
convection
Specific heat
Specific heat at constant pres-
© sure ,
Empirical exponent for free con-
vection . 32
B8
Grashof modulus = & i!
Gravitational constant = h.17x108
Heat transfer coefficient
Thermal conductivity
Characteristic length for free
convection
Weight
Weight based on unit skin area
Prandtl modulus EPE
k

Heat load

Heat load based on unit skin
area

Ratio of free convection heat trans-
fer area to radiation heat trans-
fer area

Absolute temperature

.Thermal conductance

Volume coefficient of thermal ex-
pansion for air

Weight density

Pressure

Emigsivity for radiation heat
transfer

Enmigssivity function

Temperature potential across free
convection film
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Units

££°

Btu/hr-£t2

og3
Btu/hr-£t2-°R

dimensionless
Btu/1b-°R
Btu/1b-°R

dimensionless
dimensionless
£t /hr

Btu/hr-£t2-°R
Btu/hr-ft2-°R

ft

1b 2
1b/et
dimensionless
Btu/hr

Btu/hr-£t2

dimensionless
°R
Btu/hr-£t2-°R
1/°R

1v/£43
atmospheres

dimensionless
dimensionless
°R
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L
Symbol Definition Units
G Temperature rise °R
j Viscosity 1b/ft-hr
T Time hr
7’ Time min

Subscripts

Refers to air

Denotes free convection value

Refers to equipment

Denotes generated value

Refers to insulation

Denotes value at middle of time interval
Denotes external value or standard value
Denotes radiation value

Refers to skin

€N OHBEPRO®OP

|

Denotes value at start of a time interval
when used with temperature
2 Denotes value at end of & time interval
when used with temperature
1,2,4e,n Refers to a series of materials

3. Derivation of Equations

a. Heat Transfer by Conduction Through Skin Insulstion

The equation used to describe heat conductlion rate from the
skin to the inner face of the skin insulation per unit skin area is,

L =§i— (T - T3), (v-1)

where ky is the thermal conductivity of the insulating material at the
average of the face temperatures, (Tw+T1)/2- This is the equation for

a plane wall of insulation (Ref. V-1), since it is assumed that the two
face areas of the insulation are substantially the same. During a tran-
sient heating problem the average of face temperatures varies with time,
making it necessary to account for the variation of insulation thermal
conductivity with temperature. For a given thickness of insulation, xi,
the quotient (ki/xi) is denoted by Uj, and called the insulation con-
ductance. The variation in value of Uj with temperature can be accounted
for in a stepwise calculation of heat conduction by using & plot of values
of Ui versus temperature, and using a value for each step of the calcu-
lation which is appropriate to the temperature of the insulation during
that step. The characteristic of such a plot is different for different
insuleting materials. Appendix II contains information on the thermal
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conductivities of various insulating materials appropriate to this study,
and presents graphical aids for computational use.

b. Heat Transfer by Radiation

Heat transferred by radiation from the inner face of the skin
or skin insulation to the equipment can be described by the equation,

N

- i
q. = 0.17% x 10 8__1 (7,7 - T ) (V-2)

.]_-.'+;l_—1
E €

as presented in standard heat transler texts (Ref. V-1). This equation is
more conveniently handled in the form,

gy = hr ( Ti = Te) (V'3)

where it is apparent that,

1 l L
- - (¢, -T )
141 1 €
e e T
h. = 0.17x 1078 1 __¢
(T; - T,)

For calculation purposes, this is put in the form

1 100; 10 V-4
hy = 17.’4 b 4 10'1" -];+_]__-_ 1 Ti _ Te ( )
€; €e 100/ \100

In the evaluation of any particular compartment, the emissivity values for
surfaces are taken as constant, so that equation (V-4) can be reduced to
a constant times a function of the temperatures, Ty and Te. Figure AIV-1
gives a chart of this temperature function versus T; and Ty, which can be
used for radiation heat transfer calculations. The individual values of
emissivity, €, and €p are chosen for the material and condition of the
radiating and receiving surfaces. The possible range of values is from

€ =~ 0.02 for highly polished copper to é=0.98, for rough steel plate or
certain painted surfaces. In most of the evaluation cases it may be
assumed that €; = 0.10 and €, = 0.20; values which:represent aluminum or
aluminum-treated surfaces that are somewhat oxidized from high temperature
exposure.
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c. Free Convection Heat Transfer Coefficients

An equation to describe free convection heat trapsfer
coefficients is taken from Reference (V-1),

k or,3 ¥2c,.\4
n o= o [8PSLSY cp (V-5)
c L 1k

where the exponent, d, assumes values in accordance with the schedule,

2
(Gr x Pr) = peL3 ¥ o
pk d o
103-109 /b 0.532
> 109 1/3  0.120

The value of C to use in equation (V-5) is also dependent upon the value
of the modulus (Gr x Pr), but in addition, is dependent on the shape and
position of the surface. As discussed earlier, it is convenient to use
a valve of C which represents a good average for a variety of surface
configurations, and those values shown in the schedule are such average
values. In particular, it 1s noted that the free convection coefficient
is somewhat simplified when (Gr x Pr)>109, as it becomes,

2, \1/3
n, = 0.12k (878 ¥ ¢ (V-6)
Bk

where the characteristic length L is no longer involved. All of the
physical properties of air in equation (V-6) are functions of temperature,
except ¥ which is a function of temperature and pressure. Since 7 is
directly proportional to pressure, it can be written T =0 % where RA

is the air density at one standard atmosphere, and § is the compartment
air pressure in atwospheres. Substituting this, and rearranging, equa-
tion (V-6) can be written

he = (35';‘/3) (523 (&) ¥/3 (v-17)

where d
a' \ = 0.12k gB'Yoch /3

3273 pk

A plot of the quantity (a'/32/3) as a function of tempgrature may be used
in evaluating equation (V-7). When (Gr x Pr) = 103-107, equation (V-5)
becomes, "
v 342 1/
h, = 0.532 k [gf8L” ¥ ey

- (v-8)
pk
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where the characteristic length L remains in the equation, and must be
defined before the equation can be used. Applying a similar line of
reasoning to that used in deriving equation (V-7), equation (V-8) can
be put in the form,

_[ar Ll/h 81/2 -(e)l/h (v-9)
€ §s1/2 17k
where al Ll/ b - 0.532 k &b chp 1/4

The problem of assigning an appropriate value to L in equation (V-9) is
not clear cut. Reference (V-1) discusses methods for selecting L for
single bodies of various configurations. In the case of a number of
pieces of equipment installed in a compartment, however, the character-
istic length should be properly interpreted. If the separate bodies
are freely spaced, individual values of L for the separate bodies might
reasonably be. averaged for an overall value. If several bodles are
closely packed so as not to allow free circulation of air between them,
the overall external dimensions of the group could reasonably be used as
characteristic dimensions for that group. Fortunately the value used
for L does not influence the value of h. in equation (V-9) heavily, so
that approximate values of L can be expected to give good results.

The transient equipment heating problem at hand is one in which
both the temperature level and the temperature difference © vary. It
is therefore not immediately clear which of the equations (V-7) or (V-9)
to use in a given case of which all initial conditions might be known.
It will be shown later that for values of L of approximately one foot,
equations (V-7) and (V9) yield very nearly the same result, meking it
possible to obtain good iresults for many problems using either equation.

d. Heat Transfer by Free Convection

It is necessary to develop an equation which mskes proper
use of the free convection heat transfer coefficients in describing
heat transfer between the interior skin or insulation temperature T; and
the equipment temperature To. Heat coming in from the skin and through
the skin insulation must next pass by free convection to the air in the
compartment or by radiation directly to the equipment. That portion of
the heat which enters the air by free convection is described by the
equation,

U = he; (T - Ty) (v-10)

where (T; - Ty) is the value of © to use in determining h.y from equation
(V-7) or (V-9), and where q, is the time heat transfer rate by free con-
vection, for a unit skin surface area. The group (aﬂ/'sg 3) of equation
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(v-7) or (a"L 1/b’/ 81/2)0f equation (V-9) is evaluated at the tempera-
ture (T, + Ta)/2° This same rate of heat transfer must pass by free
convection from the air to the equipment, as described by the equation,

Q. = Rho (Ty - T.) (v-11)

where (T, - T,) is the value of @ to use in determining h o from equation
(Vv-7) or (V-9) and R is the ratio of total free convection surface area
of equipment to total aircraft skin area associated with the compartment.
The group containing physical properties of air for equatioa (V-7) or
(V-9) is evaluated at tne temperature (T, + Te)/2. These iwo equations
are then rearranged and added to give

dc Q@ _ - -
E_—T + T = (Ti Ta) + (Ta TE)
ci ce
Then
Q. = 1 (T4 - T) = b (Ty - T,) (v-12)
Lo+ 2
hci Rhce

e. Combined Heat Transfer by Conduction, Radiation and Free
Convection

As discussed sbove, equations are avallsble to describe com-
pletely the details of the heat transfer processes between the aircraft
skin and the equipment. Equation (V-1) is used to describe heat conduc-
tion from the skin to the inner face of the insulation, equation (V-3) is
used to describe heat radiation from the inner face of the insulation to
the equipment, and equation (V-12) is used to describe heat transfer by
free convection from the inner face of the insulation to the equipment.
Writing a heat balance for the combined effect of all these processes
gives the equation,

W% =%+ L

Then, by substituting, and denoting the overall free convection coefficient
of equation (V-12) by h,

% = Ui(Tw - Ti) = (hr + hc) (Ti - Te)

Then,
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or,
q = 1 (T, - T.) (V-13)
o i—f:————I—— W e

where the heat transfer rate per unit skin asrea is shown as a function of
the insulation conductance, the radiation coefficient, the overall free
convection coefficient, and the temperature difference between the skin
and the equipment. Since all of the heat transferred is stored in the
thermal capacity of the equipment, another heat balance equation may be
written, for the case where there is no heat generation in the compartment,

Do = Tele %;9 (V-14)

In equation (V-14%) the thermal capacity product mec, is based on m, as
the average weight of equipment per unit skin area associated with the
compartment, and c, 1s a welght-average specific heat for all equipment
material. A method for determining the thermal capacity product on a
unit skin area basis is given later with the calculation procedure.

If there is heat generation in the -compartment, equation (V-1k) is
modified to

= AT, -
q, + 9 = mC s (v-15)
AT
where is the heat generation rate of the equipment, based on a unit

skin area.

4, Procedure for Calculation of Equipment Temperature Rise with
Time

a. General Method

Although the equations developed are sufficient to describe
heat transfer from the skin to equipment, they cannot be combined to yield
e direct solution for temperature rise of equipment with time. This results
from the complicated functions which must be used to describe radiation
and free convection heat transfer coefficients. Coefficients of both
types are involved in the term g, of equation (V-15), and are functions of
Ty» T, and T,. For any instant of time, the temperatures Ty, Ta’ and T,
are in turn functions of q, itself, indicating the complexity of the prob-
lem. It is therefore necessary to use a stepwise calculation process,
"applying the equations to short, finite intervals of time for which the
heat transfer coefficients are substantially constant. Two such step-
wise procedures are conveniently applicable to this problem. In one, the
values of all coefficients are based on temperatures at the beginning of
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an interval., The coefficients are then used to calculate heat transfer
rates, and to calculate the temperatures at the end of an interval. This
method permits direct calculation for each interval. 1In the second meth-
od, values of the heat transfer coefficients are based on average tempera-
tures within an interval. Since these temperatures are unknown at the
beginning of an interval calculation, it is necessary to assume them and
then check them later, which is a trial and error process. Tais metnod
involves more calculation labor and requires more skill than the first

one described, but for equally sized intervals it is more accurate., The
trial and error method is described here, since it is more generally valid.
A detailed calculation procedure, together with a sample calculation, is
given in the Appendix to this Section.

The calculation is more conveniently carried out on the basis of heat
trangfer per unit area of the skin. This requires that the total surface
area of the equipment for purposes oi free convection heat transfer be
determined, and divided by A, the total skin area associated with the
compartment, to give R,. The total surface of equipment which is acces-
sible to free convection cen only be estimated. In general, it is the
entire external surface area, minus those areas which face narrow gaps
(3/8-inch and less), or which are located so as to be inaccessible to free
clrculation of air. The thermal capacity of equipment is also expressed
on a unit area basis. Thus, if A, denotes the skin area and My denotes
the total weight of equipment in the compartment,

and if there are M, pounds of material having specific heat cy in the com-
partment, M2 pounds of material having specific heat Co in the compartment,
and so on,

-M’lc1 + Méc2 + 00 + Mncn
M
e

Heet generation by the equipment is also expressed on a unit skin area
basis. If Qg 1s the totel heat generation rate for the compartment,

- %
B,

The procedure described here is for the case of constant aircraft skin
temperature, as approximated by constant flight speed and altitude. Mod-
ifications required to account for varying skin temperature will be in-
dicated later. Equation (V-7) is used to describe free convection heat
transfer. The corresponding procedure for use of equation (V-9) requires
no specisal attention other than defining a value of L.

Y%
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b. Calculation of Initial Temperatures

Calculation begins with the value of Ty assigned and the in-
itial value of T, assigned as Tej. It 1s then necessary to assume initial
values of Ti1 and Tg], and evaluate hy using equation (V-4), hei using
equation (V-T), and ho, using equation (V-7). Experience in performing
calculation of this type will aid in selecting values of Til and T3 for
the first trial. In the absence of such experience it can only be pointed
out that both Tj] and Tg] lie between Ty and Te) with Tj; > Tgl for _
Ty > Tel. After determining hy, hoy, and hgee, equations (V-1) and (V-13)
are combined and solved for Ty}, and equations (V-10) and (V-12) are com-
bined and solved for Tgl. If the values of Tj)] and Tg) resulting from
this calculation agree with those assumed, they are correct. If not, new
values of Tj] and T4] must be assumed and the calculations repeated until
asgreement of assumed and calculated values is obtained. It has been found
from experience that the calculated results are closer to the true values
of T{] and Tg] than the assumed values, so that in a series of trials,
the results of one calculation can be used as assumed values for the next
calculation. Thus far the work 'indicated has determined only the initial
values of T4} and Ty corresponding to the assigned values of Ty and
initial Telo

c. Calculation of Transient Temperature Rise

_ The analysis of transient performence begins with an assumed
time interval, AT, during which all temperatures rise from their initial
value, indicated by subscript 1, to their final value for this time inter-
val, indicated by subscript-2. The proper size of time interval to use
is dependent on the accuracy required in the transient calculation. The
variation of temperature Tj, Ty, and Te with time is in general not linear,
although a time interval calculation process of the type to be described
assumes that the variation can be considered linear for short, finite
_in'bervals of time. The surest way to determine whether the intervals ,
selected are short enough is to experiment with time intervals of various
lengths to find the largest which may be used without detriment to accu=-
rate results. The reader is referred to paragraph (a) of this section
for a discussion of the size of time interval to use and the agreement
which is required between assumed and calculated temperature values.

For any time interval selected, it is necessary to assume values of
Ti2, Tg2, and Te2. Then hy is determined based on Tim and Tem, vwhere
Tim is equal to (Ti1 + Ty2) /2, and so on for the other temperatures.
hei is found for Typ and Ty, and hge is found for Tgy and T,,. Equation
(V-13)is then used to determine q, using the mean temperatures (subscript
m), after which equation (V-15) can be solved for AT,. The calculated
value of Teo is then found from Tel and ATe. Equations (V-1) and (V-13)
are then used as before to check the value of Ty2, and equations (V-10).
and (V-11) are used to check the value of Tgp. If the calculated results
of Te2, Tg2, and Tjp, do not agree with assumed values for the interval Af,the
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calculation is repeated, taking the calculated results of the first trial
as the assumed values of the second trial. On successful completion of
an interval, the results Tyo and T,, are used as initial values
Ti15 Tays and T,; for the next iﬁterval, and the entire trial and error
process is repeated until the time span or temperature span of interest
for the equipment has been covered.

The calculation procedure described above is given in greater deteail
in the Appendix to this Section. Although the detailed procedure in
analytically the same as described, in certain cases algebralc modifica-
tions are made to make the procedure'amenable to slide rule calculations.
The procedure is somewhat simplified in cases where there i1s no skin in-
sulation, since Ty then becomes Ty, and the number of assumed values re-
quired for calculating aniintervel is reduced from three to two. This
gsimpler procedure for an uninsulated compartment is also given in the
Appendix to this Section.

d. Characteristics of the Calculation Procedure

The trial and error calculation procedures are somewhat
lengthy, and require some practice before a computor can advance from one
interval to the next with only one or two trials. Fortunately, however,

a rather wide discrepancy can exist between the assumed temperature values
and the calculated temperature values without affecting the accuracy of

the latter appreciably. A careful analysis has shown that the most serious
error in equipment tempereture rise calculated for an interval occurs when
there is no skin insulation, and no heat generation by the equipment. Under
thege circumstances it was found that if the calculated equipment tempere-
ture is within 7°R of the assumed value, the calculated value of equip-
ment temperature.rise for the interval is accurate within one per cent.

For cases with insulation and/or heat generation, the discrepancy allowable
between assumed and calculated velues is greater. Actually the discrepancy
of 7°R is most ample, since a computor can easily assume values within 3

or 4*R of the calculated results, which is the standard of accuracy main-
tained in all of the calculations reported in this Section.

The analysis of the effect of interval size on the accuracy of cal-
culated equlpment temperature rise has shown that initial intervals qf
AT' = 15 minutes are sufficiently small to give at least one dPer cent
accuracy of the calculated temperature rise. This applies only to the cal-
culations made for this Section, however, and in general it is necessary to
experiment with differently sized intervals to determine the largest that
can be used. For example, a calculation may be started using a single
ten-minute interval, and then reworked using two five-minute intervals., If
the results at ten minutes are in substantial sgreement, the ten-minute in-
terval can be used with confidence. If not, further reduction of the in-
terval size should be tried until the largest accurate time interval al-
lowed is found. It should also be noted that an interval which is ap-
propriately sized for the initial part of a calculation may be too large
or unnecessarily small for later intervals in the calculetion.
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- Therefore a few spot checks should be made during a calculation to
see that the proper size of time interval is being maintained.

e. Extension of the Procedure Required in the Case of
Variable Skin Temperature

Although the procedure described is for the case where the
skin temperature can be considered constant, it is also possible to
evaluate a case in which the skin temperature varies. This would occur
for varying flight speed, or where the heat flow through the skin is
large and varying, while the outside convection coefficient on the
skin is small. To evaluate such a case, the outside convection co-
efficient must be evaluated for each time interval, using the re-
lationships given in Section IV. This requires the introduction of
another assumed value, T,, into the procedure for calculating each
time interval. In most cases the skin thermal capacity can be neg-
lected, as found in Section IV.

EFFECTS OF EQUIPMENT AND COMPARTMENT CHARACTERISTICS

1. Thermal Capacity

The effects of thermsl capacity of equipment on the tempera-
ture rise of equipment with time are shown in Figure V-2. The cases
whown are for non-heat-generating equipment in a compartment without
insulation. The initial equipment temperature is 460°R, and the con-~
stant skin temperature is 1355°R (the total temperature corresponding tc
to a flight Mach number of 3.5 in the isothermal layer). Equation
(V-7) is used to describe the face convection relationships for this
figure. To illustrate the significance of the thermal capacity values
shown, consider a compartment having an associated skin area of 18
square feet, and containing 200 pounds of equipment. If the equip-
ment consists of aluminum, iron, and ceramic parts, the entire mass of
equipment might have an average specific heat of the order of
0.18 Btu/1b-°R, so that the thermal capacity on & unit area basis
would be (200 x O. 18)/18 2, which is one of the cases shown.

It is readily seen from the cases shown in Figure V-2 that the
time required for equipment to heat to any given temperature is about -
proportional to the thermal capacity of the non-heat-generating equip-
ment. Equation (V-15) can be rearranged to the form,

M= mc, _ ATe (V-16)
(a5 + ag)

This shows the analytical basis for the éffect of thermal capacity es
shown by the cases of Figure V-2, and indicates that a similar result
can_be expected for heat generating equipment. To counsider this from
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another standpoint, equation (V-16) can be rearranged to,

AT _ Qo + dg

=

AT IeCe

This indicates that the slope of the curves, or time rate of temperature
rise, is directly proportional to the instantaneous heat locad, and in-
versely proportional to the thermal capacity. All of the cases shown in
Figure V-2 have the same instantaneous heat load at their starting point,
460°R, so that their initisl rates of temperature rise are inversely pro-
portionel to thermal capacity. Similarly, the temperature curves shown
intersect any horizontal line of constant temperature at & slope which

is inversely proportional to thelr respective thermal capacities and di-
rectly proportional to the external heat load corresponding to that
temperature.
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It should be noted from equation (V-16) that the temperature
rise delaying action of thermal cavacity tends to offset the sum of both
external and generated heat loads. Thermal capacity is thus more effec-
tive in delaying temperature rise of heat generating equipment then insul-
ating effects, since the latter affect only the external heat load. The
strong temperature rise delaying effect of thermal capacity suggests that
in cases where space and weight requirements permit, thermal capacity
could be added deliberately to prevent equipmeht overheating. For ex-
ample, cans of water have a high ratio of thermal capacity to weight and
could be used for this purpose. As an illustration, it is interesting to
conslder the compartment described earlier containing 200 pounds of equip-
ment. If 36 poiunds of water were added to this compartment, the thermal
capacity based on & unit of skin area would be increased to (200

(200x.18+36x1)/18 = b

thereby reducing the time rate of temperature rise to one-half its for-
mer value., This assumes no essential change in the other configuration
features of the compartment or equipment.

The results shown in Figure V-2 can be applied to initial equip-
ment temperatures other than 460°R; provided the skin temperature remains
the same. To do this, it is only necessary to shift the time axis so that
its zero point (7 = 0) lies directly beneath the new initial temperature
on the curve representing the m,c, value considered. As an example, for
a compartment having R = 1, M.c, = 4, &§ = 2.5, T_ = 1355°R, Toy = 600°R,
the time axis is shifted to the right so that the 7= 0 point }ies at the
27 minute point as plotted in Figure V-2.

2. Insulation

The effects of skin insulatilorn of the temperature rise of equip-
ment with time are shown in Figure V-3. The cases shown are for non-heat-
generating equipment, initially at L60°R, and a compartment skin temper-
ature of 1355°R. The insulation thickness is defined in terms of the in-
sulation conductance, U; = (ki/xi') Thus, the case of U; = ocorepresents
no insulation, while U, = 0.20 represents the greatest insulation thick-
ness shown., The value of ki’ insulation thermal conductivity, varies
with temperature in a manner dependent on the type of insulation material
used (see Appendix II). All of the cases of Figure V-3 are for a temper-
ature variation of thermal conductlvity representative of rock wool in-
sulation. It is emphasized that although insulation thermal conductivity
should be based on average insulation temperature, the insulation used
must be able to withstand the skin temperature without physical deterio-
ration. The skin temperature of the cases shown in Figure V-3 and else-
where 18 above the maximum value generally quoted for rock wool, which is
600°F or 1060°R. The rock wool designation was selected solely to rep-
resent a type variation of thermal conductivity with temperature, which
seems to be representative also of other insulating materials (Appendix II).
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The value of U; shown for each case is that which applies to the mean
temperature of insulation at the start of translent heating, when

Te = U60°R. This same method of defining U; is used wherever insulated
compartments are consldered.

From Figure V-3 it is apparent that insulation has a strong ef-
fect in delaying equipment temperature rise for non-heat-generating equip-
ment. The rearrangement of equation (V-16), taking q_ = 0, shows that
the time rate of equipment temperature rise in propor%ional to the ex-
ternal heat load. The effect of increased insulation thickness is to
reduce this heat load, explaining the results shown. The external heat
load is a function of other factors besides insulation, however, so that
its effects cannot be determined quantitatively except in terms of spe-
cific examples, such as given in Figure V-3.

The effect of using different insulating materials to achieve
the same initial insulation effect is shown in Figure V-4 for two values.
of initial conductance, U;. Tne curves shown for constant conductance
are given as standards of comparison only, since there are no actual in-
sulating materials whose thermal conductivity does not vary with temper-
ature. The curves shown for rock wool and Refrasil show more rapid heat-
ing of the equipment than for constant thermal conductivity insulation.
This is due to the increase of thermal conductivity with increase of
temperature.

Some representative cases with heat generating equipment in an
uninsulated compartment are shown in Figure V-5. Although the effect of
insulation i1s qualitatively the same as when used with non-heat-generat-
ing equipment as in Figure V-3, it is seen that for a change from
U;j = 1.0 to Uy = 0.2 the change in time to heat to a given temperature
is relatively smaller for the case with heat generation. This could be
expected from equation (V-16), since the insulation affects only exter-
nal heat load, and in Figure V-5 the equipment is subJject to genersted
heat load in addition to the external heat load. Rock wool type insu-
lation is used for the cases of Figure V-5, and equation (V-7) is used
to describe free convection for all of the cases in Figures V-3,-4, and
5

It is convenlient to consider an example to illustrate the value
and limitations of using insulation to 1limit rate of equipment tempera-
ture rise. Suppose it is desired to extend the temperature rise of non-
heat-generating equipment from 460°R to 300°R to a time in excess of 80
minutes, where R = 4, § = 2.5, Mec, = 2.0, T, = 1355°R. Figure V-3 shows
that this condition will be met by an insulating effect of Uy = 2.0. If
the equipment has a heat generation rate of = 150 watts/ft2, however,
Figure V-5 shows that U, = 0.20 would be reqﬁgred, or ten~-times the in-
sulation thickness of the non-heat-generating case. For an insulation
having k4 = 0.05 Btu/hr-ft-°R U; = 2.0 would represent only 0.3 inch in-
sulation, while for Uj; = 0.2, 3 inches of insulation are required. In
the case of a medium or small compartment 3 inch insulation might
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seriously limit space in the compartment. The example serves to point up
the smaller effectiveness, or higher cost in terms of space, that insu-
lation has with heat generating equipment. The insulation limitation de-
rives from the fact that it has no effect on generated heat load, so that
if insulation alone must delay temperature rise, extreme reduction of the
external heat load may be required. There are cases, of course, where no
amount of insulation could delay temperature rise enough, if the heat
generation rate is great enough. Such a case would require the use of
added thermsal capacity or some cooling method.

The results shown in Figures V-3, -4, and -5 are not restricted
to an initial equipment temperature of 460°R. If the initial temperature
of equipment is any value above 460°R, it is only necessary to shift the
time axis horizontally so that the zero point ( 7 = 0) lies directly be-
low the new initial T_on the curve for the insulating effect of interest.
The curve from this point to the right will then represent the temperature
rise of equipment which starts at the new initial temperature, and has the
same insulation thickness e&s would give Ui the assigned value when
Te = 460°R. Thus the plotted cases can be used for any initial equipment
témperature of UL60°R or greater, and for a constant thickness of insula-
tion, although the.insulating effect, U;, is defined in terms of T, = 460°R.

3. Heat Generation

The effect of heat generation on the equipment temperature rise
is shown in Figure V-6. The cases shown are for a skin temperature of
1355°R, initial equipment temperature of 460°R, and insulating effect of
T4 =.0.60 using rock wool. Equation (V-7) is used for free convection
coefficients. It is apparent that the time rate of temperature rise in-
creages with increased heat generation rate, as indicated by equation ,
(v-16). It is of interest to note that with increased heat generation rate,
the time temperature plots approach straight lines, indicating that the
constant heat generation rate 1is becoming the dominant factor in deter-
mining (ATe/A’f ). This serves to emphasize that temperature rise rate is
relatively independent of external heat load at high heat generation rates,
and indicates that the use of insulation alone cannot effectively limit
temperature rise in many cases.

The plots of Figure V-6 can be used to represent cases with an in-
itial equipment temperature above 460°R in the manner described under the
subjJect heading of insulation.

4. Ratio of Free Convection to Radiation Heat Transfer Area

The effect of the ratio of free convectlion to radiation heat
transfer area on the temperature rise of equipment with time is shown in
Figure V-7 for non-heat-generating equipment in an uninsulated compartment.
The case of R = 1 corresponds to parallel planes, or the case of equipment
and compartment both cylindrical in shape, and nearly the same size. The
case of R = 8 represents a compartment containing many small equipment
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items, so arranged that much of their surface area is accessible to free
convection, but not ‘'seen" by the skin or skin insulation. The value of
R is a factor which must be estimated for most installations, and it apy
pears that the majority of practical cases would be in the range from

ReltoR =14, Equation (V-7) is used for free convection relationships

in Figure V-7.

_ The plots of Figure V-7 show that temperature rise is more rapid
for equipment which has greater area accessible to free convection heat
transfer. This is particularly true for a compaertment without insulation
and without heat generation, where free convection heat transfer plays an
important role in the determination of equipment temperature rise. Where
free convection is relatively unimportant, as in cases with large heat
generation rate, the lmportance of R is correspondingly less. In cases
where free convection is important, some insulating effect might be
achieved by grouping small components together so as to block some of
their surface areas from air circulation. Another method would be to
providé a large case to contain a number of smaller components wherever
the value of R can be reduced in this way. The usefulness of these meth-
ods, however, 1s dependent upon the functions of equipment components,
which may make commdn grouping or encasing impractical. R is therefore
& factor of some importance in the compartment heat transfer scheme, but
is not a factor which is subject to appreciable manipulation to achileve
a desired performance result.

The plots of Figure V-7 can be used to represent cases with in-
itial equipment temperatures above 460°R by means of shifting the time
axis, as described earlier.

5. Compartment Alr Pressure

The effect of compartment air pressure on the temperature rise
characteristics of non-heat-generating equipment in e compartment with-
out insulation is shown in Figure V-8. The initial equipment tempera-
ture is 460°R, and the skin temperature is 1355°R. The solid lines rep-
resent cases evaluated using equation (V-7) to describe free convection,
while the dashed line represents a case using equation (V-9) with L taken
as one foot.

It is apparent thet the compartment air pressure has great in-
fluence on the rate of equipment temperature rise. This results from the
fact that free convection heat transfer rates are proportional to 32/3 or
§1/2, depending on whether equation (V-7) or equation (V-9) applies. A
change of compartment pressure in the low pressure range is seen to affect
the heating of equipment less markedly than in the higher pressure range,
since in the former case radiation heat transfer, which is not affected by
pressure, is a dominant factor. The choice of free convection coefficient
for the single case shown ( § = 1.0) is seen to have little effect. A
more extensive comparison of the two free convection relatlionships is
made in Figure V-0,
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Figure V-9 is for the same conditions as Figure V-8, except
that the compartment now has a skin insulation of U; = 0.60 Btu/hr—ft2-°R
using rock wool. The solid lines represent use of equation (V-7) for free
convection, while the dashed lines represent use of equation (V-9) with
I of one foot. The effect of compartment air pressure in the insulated
compartment is not so great as that for the uninsulated compartment in
Figure V-8. This results from the lesser importance of free convection
in the overall heat transfer scheme of the insulated compartment. The
comparison of results for the two free convection equations indicates
that it makes little difference which equation is used for the size of
equipment considered, where L is about one foot. Figure V-10 indicates
that this conclusion also applies for a considerable range of insulating
effects.

The results given in Figures V-8 and V-9 show that the compart-
ment alr pressure exerts a strong influence on the rate of equipment tem-
perature rise. Free convectlon heat transfer 1s the dominant part of the
external heat load, so that the effect of compartment pressure on free
convection might well be used to advantage in producing an insulating ef-
fect against external heat load. Therefore where equipment operation is
not Jjeopardized, the use of low compartment pressures is indicated. A
particular advantage of using low pressure to achieve insulating effect
is that it does not impose the space and weight penalties of insulation
materials. As with insulation, the method is effective only in reducing
external heat load, and has limited value for equipment of large heat
generation.

Figures V-8, -9, and -10 can represent cases with initial equip-
ment temperatures above 460°R by modifications of the time scale, as de-
scribed earlier.

6. Skin Temperature

Figure V-11 shows the effect of skin temperature on the rate of
equipment temperature rise. The initial equipment temperature is 460°R
in all the cases shown. Equation (V-7) is used to describe free con-
vection, and rock wool insulation is used. The values of skin tempera-
ture are total temperatures corresponding to flight Mach numbers as shown
for altitudes in the isothermal layer at atmospheric temperature of 393°R.
In order to actually achieve this skin temperature, flight Mach numbers
would have to be greater than those given to account for the recovery
factor being less than unity and heat flux through the air film external
to the skin.

For a glven equipment temperature, a higher skin temperature
gives greater temperature potential between skin and equipment. This
results in greater external heat load, and a correspondingly faster
equipment temperature rise for the higher skin temperature, as seen in
Figure V-1l. Inspection of the curves shows that the slope, or rate of
equipment temperature rise with time, is about the same for equal values
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of temperature potential (Tw-Te), where different skin temperatures are

considered. For example, when the equipment of a compartment with a skin
temperature of 1100°R is at T, = 675°R, (ATe/AT ) is nearly the same as
for 885°R, and T, = 460°R, since in each case the temperature potential
is the same, and %he generated heat loads are the same., This relation-
ship is only spproximate, however, since external heat load is not solely
dependent on temperature potential, but is also a function of factors
which vary with temperature level. Since the skin temperature affects
only external heat load, high skin temperatures can be offset by use of
insulation, low compartment pressures, and reflective shielding to re-
duce radiation heat load.

T. Surface Emissivity

Svriace emissivities are not studied as a variable in the results
presented, but their effect can easily be predicted in a qualitative sense.
The heat transferred by radistion is proportional to the emissivity func-
tion given en equations (V-2) and (V-4) as

I=j=

i -1
€

D)

i e

Therefore the emissivity function exerts the same influence on radiant
heat transfer that the compartment pressure function,‘32/3 or 31/2,

exerts on convective heat transfer. Accordingly, the surface emissiv-
ities will be important when the equipment and compartment characteristics
are such as to make radiant heat transfer important in the overall com-
partment heat transfer scheme. This is likely to be the case where the
compertment air pressure is low, so that little heat is transferred by
free convection, and the sum of radiantion and free convection heat trans-
fer is significant in magnitude compared to generated heat.

SIMPLIFIED ANALYSIS AND DESIGN OF INSULATION FOR AN UNCOOLED EQUIPMENT
COMPARTMENT

1. Simplified Analysis

The variation of external heat load with equipment temperature
has been evaluated for all of the calculated results shown thus far.
If this quantity 9, is plotted versus T, for a constant skin temperature,
compartment pressure, and insulating ef%ect, it is seen to be nearly a
linear function of T,. As an example, Figure V-12 shows the vartation
of q, with T, for a number of insulating effects, using rock wool, with
Ty = 1355°R, and § = 2.5. It is seen that q, can be represented as a

straight line function of T, quite accurately for all of the insulated
cases shown, and that it is a falrly good approximation in the case of
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U, =oo. This fact permits determination of q, for a given configuration
by calculating q, at the two extremes of T, of interest, and interpolating
linearly between them. A calculation procedure based on this approxi-
mation is considerably simpler than the trial and error procedures de-
scribed earlier.

Since g, can be represented quite well as & linear function of
Tey 1t is convenient to put it in the form

q, = a-be, (V-17)

where a and b are positive constants, and 6, = (T.-T o)s for T, at the
beginning of a transient study. By substitution in equation (V-15), re-
arranging, and changing to the differential form gives

ae b e, = &t
()

e

which is a first order, linear differential equation with constant co-
efficients. This is solved to give

0 = (E‘.;k) [1-e' ,—%ce} (v-18)

The only trial and error calculations required to use equation
(V-18) are those required for the determination of q4 for the inmitial
and final values fo T, of interest. This determines the constants a
and b of equation (V-EY), and permits application of equation (V-18) to
determine 6., and hence T, at any time, 7.

Equation (V-18) can be solved for 7 to give,
7 = (Zef) 10g_[**%
b “\a-pe_+
a-bbtq,

From this it is apparent that the time required to heat equipment to
any value of Ge is directly proportional to the thermal capacity of
the equipmént &s found earlier with equation (V-16).

2. Design of Insulation for an Uncooled Equipment Compartment

A method for selecting the proper insulation effect to use
with an uncooled aircraft compartment is here described. The general
problem of determining the suitability of an uncooled compartment as
compared to a compartment with fuel jacketing or cooling effects is
discussed in Section XI. It is assumed here that this problem has been
dealt with and that the use of an uncooled compartment has been decided
upon. It is also assumed that all of the factors which affect equipment
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temperature rise other than the insulation effect have been established,
and are not subject to much alteration. As examples, it is assumed that
the compartment air pressure and equipment surface emissivities are known.

It is convenient to describe this design procedure in terms of
a specific example. Suppose it is desired to select insulation for a
compartment so that the equipment temperature will not exceed 900°R in
82 minutes flight time under the following conditions:

L60°R

Initial equipment temperature

Skin temperature 1355°R

Compartment air pressure 2,5 atmospheres

Skin srea associated with

compartment = 18 f£2
Total weight of equipment in
compartment = 200 lbs

Aversge specific heat of
equipment

0.18 Btu/1b-°R

Total heat generstion rate
of equipment

6150 Btu/hr = 1800 watts

Ratio of equipment free
convection area to skin area _
of ccmpartment =4

From the above, the heat generation and thermal capacity of equipment on
& unit area basis are calculated.

=% = ‘%%9 = 341.3 Btu/hr-rt?

By

mc, = MeCe = 2023-18 = 2 Btu/°R-ft2
Aw

An approximation is used to determine a representative heat load
to the equipment. It is assumed that the variation of Te with T is ap-
proximately linear. Since the variation of q, with T, is almost linear,
it is easily shown that the average value of g, occurs at the average
value of To, and that both occur at the middle of the design time span.
This time is, ’

82 min = 0.684 hr
60 x 2
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The average equipment temperature is,

T = 900 + 460 - 680°R

em P!

Since it is assumed that T, varies with 7 epproximately as a straight line,
equation (V-15) is used to determine the average heat load to the equip-
ment from the skin,

= v ()%
qg = 2 x 900-460 -341.3 = 302.7 Btu/hr-£t°
82
60

A trial and error procedure is required to detgrmine the insulation ef-
fect U; required to give g, = 302.7 Btu/hr-ft° when T, = 680°R and

Ty = 1355°R. The procedure is carried out below, with values shown only
for the final, successful trial. In this procedure, surface emissivities
have been taken as €; = 0.10 and €, = 0.20, and equation (V-9) has been
used with L = 1 ft. to describe free convection heat transfer.

1. Assume T; = 906°R (T; is between T, and Tep)

2. Celculate y, . _Jom = _302.7 - 0.675 Btu/nr-£t°-°R
(Ty=Ty)  1355-906

3. Assume T, = T34°R (T, is between T; and Tem)

4, Ccalculate h, = 1.24 x 10.1‘L B

L "
T4 T
vhere B = GOO) - (’igof)‘)
100; 100),
from Figure AIV-1 B = 2030, h_ = 0.252 Btu/hr-ft2-°R

. t
5 Ge (8. " Ll /h) at T i+T a
3 1 2

from Figure AIV-3

an 1M/ = 0.2505
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6. Get (ﬁ" Ll/u> at Ta + Te
e

10.

il1.

13.

—. CONFIDENTIAL

2

§1/2
from Figure AIV-3
N
(a__%e_) = 0.262
} e

o /W [31/2 1/4
= (), () =

= 0.2505 x 1.580 x 3.62 = 1.432 Btu/hr-fte-‘R

ny L/4 1/2 1/4
hee = (a 31'1/2 )e(i J./'4) (T, - Te)

= 0.2615 x 1.580 x 2.71 = 1.12 Btu/hr-ft

2_¢R

ho=__ 1 1 = 1.085 Btu/hr-f£t& °R
1+ _1 1 + 1

(T; - T,) = om- = 302.7 = 226.5°R
h_+a_  1.337

T, = (Ty - Ty) + T = 226.5 + 680 = 906.5°R

. h 1.085 . oy
(T, - Te) ='hae (T3 - Te) = 05 (226) - 54.6°R

T, = (Ta - Té) + T, = 54.6 + 680 = T34.6°R

Since the calculated results in steps 11 and 13 are in substantial
agreement with the assumed values, the value of U; = 0.675 Btu/hr - =R

is correct.

The average insulation temperature is (T + Ti/2), or 1130.5°R.
From Appendix IT the thermal conductivity of rock wool insulation at
this temperature is k; = 0.058 Btu/hr-ft-°R, so the insulation thich-

ness is,
x; = K1 = 0.058 = 0,086 rt.
U; O. 875
WADC-TR 53-11}4 237
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A set of charts is provided in the Appendix to this Section
which permits making the above trial and error calculation to find Uj
graphically. Figure V-13 is for conduction through insulation. For
an assumed value of U;, the chart is used by traveling parallel to the
dashed-arrow lines to determine T.. The next, Figure V-1ll, is for Iree
convection in air, and is used with this value of T ;, and the pertinent
values of Ty and §, to find q.. This convection chért is based on
equation (V-7) to describe convection coefficients (unlike the example
just worked) and on a standerd value of R = 4, Since the difference
between equations (V-7) and (V-9) is not great, the chart can be used
for a good approximation even where equation (V-9) should be used. The
next chart, Figure V-15, is for radiation heat transfer, and is in two
parts to cover the low and high emissivity ranges. The chart is used
with the previously determined value of ¥; and the pertinent values of
Te and €' , to obtain q,. The quantity €' is

i ~2

€4 e

as eveluated for the insulation and equipment surface emlssivities.
The resulas ¢, and q. from the last charts are then added, and if the
sum agrees with q, the value of Uj used in the trial is correct.
Otherwise a new value of U. must be assumed, and another trial made.
If the sum (9. + q,) is greater than q, the value of U; should be de-
creased for the next trial, and conversely.

With the value of insulation thickness found, it is necessary to
make a transient evaluation of equipment temperature rise with time.
This will be done by the method of using a linear variation of g with
Te, 88 in equation (V-17), and then applying equation (V-138). A’trial
and error calculation is required to determine the values of the con-
stants a and b of equation (V-17). A sample of this calculation is
carried out below, showing only the final trial calculation. This cal-
culation must be made for two values of T,, which in this case are taken
at the beginning and end of the transient evaluation. The calculation
shown 1s for T, = 460°R

1. Assume T, = T40°R and T, = 526°R
2. Calculate h_ = 1.2k x 10'4 B
()
100/ \100
where B = 71 : T
100 7100

from Figure AIV-1 B = 920

WADC-TR 53-11}4
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h. = 0.11h Btu/hr-rt®-°R
Get
v g L1/%
a'' 1, at Ti + Ta
3172 . 2

fron Tizure ATIV-3
1/4\-
an LA/4) 0.270
3172 J;

O far MY L oms T,
8172_' . >
Irom Figure AIV-3
(all Ll/h') 0 289
Iy 172, o

_fan L1/1+> Gl/e ) (z, - m )M
ci 81/2 5 L ]711

= 0.270 x 1.580 x 3.82 = 1.63 Btu/hr-ft2-°R

ar 1/b s1/2

n = _ 1/4

h,= ____1 = 1 = 1.24 Btu/hr-ft
+

¢ 1 1 1

1 +
h g Rh_ 1.63 5.2

ks T .
Ui —i, for ki at ~w + Ty = 1048°R
Xi 2

“rom Appendix I3, X, = 0.053 Btu/hr-ft-°R

then U; = %:%g% = 0.616 Btu/hr-£t°-°R

239

289 x 1.58 x 2.85 = 1.30 Btu/hr-£t2-°R

2 a

R
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lo. K 1
(T _ Ti) _ g + g (Tw - Te)
Ui + hc + n

1.570
11. Tl - Tw - (Tw - Ti) = 1.9 - 6£5 = T4O°R
2. (T4 - Tg) =*.;_;ce C
1.2k (260) = 66.8
13. T, = (T, - Te) + T, = 66.8 + 460 = 526.8°R

Since the calculated results of steps 11 and 13 agree witn assumed values,
g, can be determined for the condition T, = 460°R

1. g =Us (T, - Ty) = 0.616 x 615 = 379 Btu/hr-rt°

This same calculatiog when made for the condition T, = 900°R, gives
= 216.3 Btu/hr-ft$ Defining 6 = To - 460, equation (V-17) for the
two cases becomnes, ;

379 =a -Db x0
216 = 2 - b x Lo
Solving givea & = 379, b = 0.370

Figures V-13,-1%, and -15 of the Appendix to tAls Sectlon can
also be tived to golve this type of trlal and error calculation. For
the assigned conditions, it is necessary to assume T,, then evaluate
U; at the average insulation temperature, (T, + Ti)}Q, using the for-
mla Ui = (ki/xi) for the insulation material and thickness. Figure
V-13 i8 then used by entering with T; and traveling parallel to the
dashed arrow lines down to the assigned T, across to the Uj determined
above, and down to q,. The free convection and radiation charts are
then used as described previously, entering with the assumed value of
T,, and obtaining q. and g.. When the sum (q. + q,.) is equal to g,
the value of Qo is correct. Otherwise a new value of Ty must be assumed,
and another trial made. If the sum (q. + q,) is greater than g, the
assumed value of T; should be reduced for the next trial, and conversely.

The free convection chart should be used only if R is about 4 as it is
based on this value.

WADC-TR 53-114
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All of the information required for application of equation
(V-18) has now been determined. Equation (v-18) is therefore used to

determine T, at the time = 1.360 hr (82 min),
o = 379 + 31+1.3 1 - e-. (0.370 }2: 1.368)
e 0.370
o, = 436

Then Tor= 8, + 460 = 896°R

'This result is quite close to the design value of 900°R, so that no fur-
ther trials are required. If this had not been the case, it would be
necessary to revise the value of x. by estimation and repeat the cal-
culations beginning with the determination of q, at Tg = 460°R and

T, = 900°R. The value of xj should be increased if T ., is mucia above
900°R, and decreasged if Tey 1is much below 900°R.

T1ie selection of rock wool insulation in the example is purely
arbitrary. The physical properties of the insulation seclected determine
the thickness required and the . constants of equation (V-16) however, so
that for other insulating materials recalculation of part of the design
example would be required. The insulation thickness found, i.e. 0.086 feet
or 1.03 inches, is a reasonable value for a compartment of large size,
particularly since it might be difficult to utilize space very close to the
walls of a compartment for installation of equipment. This would be the
case where the space near walls is partially occupied by structural members,
or where the equipment shape is not similar to the wall contour. If this
is not the case, the designer should consider the use of additional-thermal
capacity with the equipment.

3. Use of Thermal Capacity as Compared to Insulation

It is interesting to.make a brief comparison of the performance
resulting from additional thermal capacity compared with insulation on
the basis of weight and volume. For the compartment considered, 1.03 inches
of insulation on the 18 square feet of skin area would occupy a volume of
1.545 cubic feet. For an insulation such as rock wool, having a bulk
density of 12 lb/ft , this would give a weight of at least 18.55 pounds.
If all the skin insulation is removed the constants a and b of equations
(V-17) and (V-18) are found by calculation to be, & = 1750, b = 1.98.

If the insulation is replaced by an equivalent volume of Water added to
the equipment, the water added would weigh 96.4 pounds, and would incrgase
the thermal capacity of equipment per unit skin area by 5.35 Btu/°R-ft .
Applying equation (V-18) for the total meC, value of 7.35 Btu/°R-1t2 gives
the equipment temperature at 82 minutes as T84°R, which is a considerable
improvement overthe performance offered by insulation alone. If the in-
sulation is replaced by an equivalent weight of water added to the equip-
ment, the water would weigh 18.55 pounds, and would increase the thermal
capacity of equipment per unit skin area by 1.03 Btu/°R-ft2. Applying

WADC-TR 53-114 Ty}
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equation (V-18) for the total mece velue of 3.03 Btu/°R-ft2 gives the
equipment temperature at 82 minutes as 1083°R, which is inferior to the
performance offered by insulation alone. For this design example then,
superior performance could be obtained with increased thermal capacity,
but at an expense in terms of weight. In other cases, having a higher
ratio of generated heat load to external heat load, the thermal capacity
effect would have increasing merit as compared to the insulation effect,
since insulation is ineffective in reducing generated heat load. The use
of thermal capacity with the equipment entails some difficulties, since
for best effect it should be appropriately distributed among the equipment
bodies. Furthermore, as indicated earlier, its true merit is dependent on
the relative usefulness of space well inside the compartment to space near
the walls. This relative usefulness i1s difficult to evaluate quantitatively.

APPENDIX TO SECTION V

1. Calculation Procedures for Temperature Rise of Equipment im
an lncooled Compartment

Calculation procedures are given here for the stepwise evaluation
of equipment temperature rise in an uncooled aircraft compartment. The
first procedure is for a compartment with skin insulation, and the second
is for a compartment without skin insulation. In the first case a sample
interval calculation is carried along with the procedure.

Procedure A: nggartment with Skin Insulation

Given Data:
T, = 1355°R
§ = 2.5 atmospheres
U; = 0.40 Btu/br-£t2°R  rock wool insulation
meCe = 2.0 Btu/ft2-°R
R = L
€5 = 0.1, 6, = 0.2
To; = TOL°R
Tal = 743'3
T;; = 867°R

g =0 Btu/ft2-hr

WADC-TR 53-114 42
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- COMNF EN“AL

1. Select time interval A7 * = 15 min
2. Assume Tep, Tpn, Typ Teo = T27°R
T&2 &= 7689R
Tio = 889°R

Tem = 12 Z oL T14°R

Top = 768 ; k3 _ T56°R

Tip = 982%5_61 = 878°R

k. Calculate h. = 17.k x 10-% (___%.__ B

T, 1
o &
L 4
T.
Where B = _l_"}.) —(?_‘ﬂ
100 100
(Tim> - [ Tem
100 100

from Figure AIV-1
h. = 17 .lixlO‘l* x JOT14xB = 1.24x10-% x 2020 = 0.253

5. Get (a'/§2/3). et Zin * Ten

from Figure AIV-2

El%ﬂm =_?__.7__88Z 56 = 817°r

(&1'/2‘,2/3)i = 0.1585

WADC-TR 53114
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6. Get (a'/82/3)e‘at zam_;ﬁm from

Figure AIV-2

Tam Z Ten = 756 ; T4 = 735°R
(,3'/;;2/3)e = 0.1697
T by = (a'/:32/3), (82/3) (Tip-Ten)}/3

hey = 0.1585 x 1.81+x(122)l/ 3 = 1.45 Btu/br-£t2-°R

8. h, = (9_;_273>e(32/3) (Tam-Tem)l/3

hee = 0.1697 x 1.84% x ( he)l/ 3 21.085 Btu/hr-£t2-°R

1 _ 1l 2.0
e =T = —T T = 1.087 Btu/hr-ft=-°R

+
h.4 Rhce 1.5 ° hx1.085

11. qo"'q-g’[(hc"hr) (Tim-'l‘em)-i-q_g] 936.

= [1.3h (164) + oi‘ .25 = 55 Btu/ft2

|
! 10. hg + hy = 1.087 + 0.253 = 1.34 Btu/hr-£t2-°R
|
|

12 AT, = 30 * 9z = 35 = 27.5
MeCq 2

13. Teo = Tey + AT, = TOL + 27.5 = 728.5°R

14, Get Uj at Ty, fram
Figure AIV-4 for rock wool

U; = 0.459 Btu/hr-ft2-°R

WADC-TR 53-114 auy
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Ty - Tip = (Ty - Tep)

[t
T
®

Uj + he + h,.

= 134 (626.5) = 46
To55 (626.5) 7

16. Tip = Ty - (T, - T;5) = 1355-467 = 888°R

17, (Typ - Tep) = §§na (Typ - Tep) = %f%%% (159.5) = 40

ce
18. Tap = (Tap - Tep) + Top = 728.5 + 40 = T68.5°R

The calculated results of steps 13, 16, and 18 agree well with the
assumed values, indicating that the caleculation is correct for the inter-
val shown. In using this calculation procedure, the values of Tyj, Tgs,
and T,) are teken as the values of Typ, T,ys, and T,, of the previous
interval. To start a calculation from the initisl assigned velues of Ty
and Tgy, 1t is necessary only to determine the initial values of Ty, and
Tg1- This can be done by using the seme calculaticn procedure without
selecting a time interval; and omitting steps 11, 12, and 13.

Procedure B: Compartment Without Skin Insulation

Given Datsa:

T,=_ __°R
= atmosphere

MeCe = Btu/£42-°R
R = _

€, =__ €a = ____
Tep = °R

Ta1 =  °R

q, = Btu/£t2-hr
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1. Select time interval AT?
2. Assume Tep and T, Teo
Tao
3. Calculate Tep and T, Tem
Ta.m

4. Calculate hy = 17.h x 10°% [ _1
+

EEE)
()

from Figure AIV-1

%a

——

5. Cet (a'/82/3) at Twm + Tap
w 2

from Figure ATV-2

R
°R
°R

‘R

Btu/ft2-hr-°R

(a'/82/3), =

6. Get (a’/82/3)e at Tem + Tem
2

from Figure AIV-7
(a'/82/3),

Te hcw = (e,t/'g 2/3)W (8 2/3) (Tw - Ta.m)l/3 =

8. hoe =(a'/82/3)  (§2/3) (v, - 1. )¥3 -

Btu/hr-ft2-°R

Btu/hr-£t2-°R

Btu/hr-ft-°R
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- CONFIDENTIAL

)
10. h +h, = Btu/hr-£t°-°R

11. qo + g = [}hc + 0 )(Ty - Tep) + q%] (%é%i

(qo + qg) = Btu/ft2

12. AT =% % 9g = °
e = e AT, = R
13. Tep = Tey + AT, Ty = °R
. (Typ - Tep) = Be  (Tw - Te2)
Rhce
(Te2 - Te2) = ___ R
15. Tgo = (Tap - Tep) + Te2 Ta2 = °R

When the cealculated results of steps 13 and 15 agree with the assumed
values, the interval calculation is complete, and values of Tep and Tg2
are used as Te]l and Tgl for the next interval.

2. Graphical Solutions for Conduction, Free Convection, and
Radiation

The eguaetions describing heat conduction through insulation,
free convection, and radiation can be solved im grephical form. This is
particularly desirable when a large number of calculations are to be
made, and where extreme accuracy ls not required. Figure V-13 is a
graphical sclution to equation (V-1). It is constructed by first plot-
ting the function (Tw‘Ti)’ using an abscissa scale for T;, an ordinate
scale for the function, and lines of constant T,. Using the same ordin-
ate scale for the function (Ty-T;) an abscissa scale is laid off in values
of qo, and lines of constant Uj are plotted to fit the (Ty-T;) and q,
scales. The chart cau be used to find either q, or U; when the other
three varisbles are knowin. Figure V-14 is s graphical solution to equa-
tion (V-12) and is constructed in e mancer similsr to Figurs V-13. The
ordinate scale of Figure V-14% (not shown) is laid off in units of the
function

diin.

1
(§)2/3 1, _2
gi e
which is a function independent of pressure. Figure V-14 is constructed

(T1 - Te)

WADC-TR 53-114 47
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using a value of R = 4, and can be used with precision only for this
value. For values neer R = 4, it can be used as an approximation. Figure
V-15 is a graphical solution of equation (V-3) with the ordinate scale
(not shown) laid off to values of the function.

2oy (359 (o)
(%) (%)

The function €' is defined as

Figure V-15 is in two parts. Part a is for low values of emissivity func-
tion, while part b is for higher values of the emissivity function.

Two applications for the series of charts Figures V-13,-14, and 45
are given in the example of design of insulation for an uncooled compart-
ment. In addition, they may be used to do an interval calculation of the
type given in this Appendix. To calculate an interval, the value of Te2
is first assumed, and the value of Tgy calculated. Then the value of Tip
is assumed, and the value of U 7mi is evaluated for the mean insulea
tion temperature, either from a prepared chart of Uy versus Tiy or by
calculation for ki at (Ty + Tyy)/2. The conduction chart is then used,
entering with Tijp and moving parallel but opposite to the dashed-arrow
lines, to get q,. The free convection chart is used next, entering with
Tip and obtaining g, corresponding to Tep and . The radiation chart is
next used, entering with T;, and obtaining q, for Tem and the sappropriate

X

!

6:.’

_E_ + _l_ -1
6 4 &

When the sum (q, + q,.) equals the value of g, the value of Tjp assumed is
correct. The quantity q, is then used in the equation,

(g, + ag) AT
e Ce

ATe =

This value of ATe is then used to determine the value

Top = Top + 8T

WADC-TR 53-114 250
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