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Overview of Satellite Thermal Analytical Model

Jih-Run Tsai*
National Space Program Office, Hsin-Chu 300, Taiwan, Republic of China

Thermal analysis is the major engineering work throughout the entire satellite development process, with some
crucial stages such as design, test, and ground operations simulation. In the formal design and verification (by test)
phases, a general thermal mathematical model for the entire satellite is constructed from a combined conduction
and radiation heat transfer equation with environmental heating and cooling as boundary conditions. Some rep-
resentative numerical schemes with constraints used in satellite thermal analysis, as well as an introduction to the
thermal model for the thermal balance test, are presented. However, the general thermal model may be too com-
plicated or inefficient for conceptual design, test monitoring, and ground-operation simulation while developing a
satellite. Therefore, simpler governing equations for pure radiation heating and cooling with exact mathematical
solutions are developed to fulfill this objective at the expense of analysis accuracy. The linear approximation and
exact formulation for solving this simplified problem, as well as the corresponding results shown in graphical form,

are also discussed.

Nomenclature

S
1]

cross-sectional area in conduction path
or the surface area for radiation exchange, m?
= temperature ratio Tp/ Tg

thermal capacitance, J/K

specific heat, J/kg - K

radiation view (shape) factor

radiation interchange factor

conduction conductance, W/K
radiation conductance, W/K

length of the cylinder, m

distance between rectangular nodes, m
source term per unit volume, W/m?
absorbed heat from environment, W
internal power dissipation, W

heat sources, W

receiving radiation heat flux on surfaces, W/m?
radius of the cylinder or sphere, m
capacitance to conductance ratio, s
temperature, K

initial temperature, K

time, s

node volume, m?

absorption factor

surface emissivity

specified number for convergence
density, kg/m3

surface diffuse reflectivity

surface (first-order) specular reflectivity
Stefan—Boltzmann constant, 5.669 x 10~% W/m? - K*
radiation time constant, s

= image factor
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Subscripts
E =
i =
j —3

equilibrium state
specified node numbers (with total node number of N)
specified node numbers (with total node number of N)
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w = cold plate or heating shroud
Superscripts

k = time level of the temperature
(I) = iteration level

m = time level of the temperature

Introduction

HERMAL analysis is always the major supporting task of satel-

lite or spacecraft thermal engineering work in every develop-
ment stage, such as design, test, and ground-operation simulation.
Thermal analytical techniques have been widely studied and devel-
oped in various heat transfer areas'~*; however, the related skills
applied in the satellite or spacecraft thermal control are rarely found
in the literature.>® A reliable thermal software package, that is,
SINDA” (with a few well-known numerical schemes implemented),
has been extensively used to solve the problem for the complex ther-
mal control system in the satellite or spacecraft industry. However,
good thermal analytical results should be obtained from not only
modeling the thermal system by inserting good enough estimate pa-
rameters but also effectively governing the analytical schemes used
in the software package for various application purposes. Differ-
ent analytical models to obtain appropriate solutions, instead of a
unique answer from a universal equation, may be chosen for differ-
ent development stages of the satellite or spacecraft thermal control
system. In this paper, a few representative thermal analytical models
applied for solving satellite thermal problems are introduced.

A general thermal mathematical model (TMM) with worst hot
and cold space environments as boundary conditions used to simu-
late complex satellite or spacecraft thermal problems in the design
phase may obtain, at the expense of time-consuming calculation, ac-
ceptable solutions of transient temperatures at hundreds of different
locations. However, there may be quite a few uncertain or inaccurate
input parameters existing in the TMM, which may affect the analysis
accuracy, including thermal contact resistance between contacting
parts, unit thermal properties (such as thermal capacitance, ther-
mal conductivity, infrared emissivity, and solar absorptivity), unit
power dissipation, etc. Therefore, a thermal balance test is essential
to verity the basic thermal design and to assure that the TMM is reli-
able for the temperature prediction because the input parameters are
proved to be valid. Nevertheless, general thermal analytical models
are also used for the test analysis and correlation in the test stage.

Simple thermal analytical models instead of application of a gen-
eral TMM may be required for test monitoring in the test stage and
ground-operation simulation before operating the real flying satellite
from the ground. This is because some fast estimated solutions are



needed for quick and straightforward responses and demonstrations
at the expense of analysis accuracy during the thermal balance test
monitoring and prelaunch flight-operation simulation. These simple
analytical formulations are also quite useful in any satellite system
interface check and conceptual design for thermal control because
only insufficient or immature given inputs are from this complex
system in the very beginning and the solutions have to be obtained
quickly and updated repeatedly. To not deviate from the reality too
far, care should be taken with use of these cheap and fast answers to
the problems by checking the assumptions made for the analytical
formulations in advance.

General Thermal Analytical Models

The general partial differential equation of combined heat con-
duction and radiation with source terms® that can construct the satel-
lite TMM is

oT p

PCE=V~(1<VT)+V~(61)+Q )]
Note that Q in Eq. (1) should consist of the internal heat sources
from the power dissipation of satellite components and heaters and
the external heat sources from the absorbed orbital heating on the
boundary surfaces. The boundary surface radiation described in the
second term of the right-hand side of Eq. (1) should comprise the
radiation exchanges among all radiation surfaces and the space, as
well as the absorbed orbital heating from direct solar radiation, Earth
infrared emission, and albedo radiation. Therefore, the traditional
boundary conditions expressed by normal heat fluxes through the
boundary surfaces, adopted by most heat transfer textbooks, will not
be shown here. This is because the so-called boundary conditions
for the satellite TMM are actually included in the governing equa-
tion (1). The initial conditions are always referred to the starting
temperatures in different locations; however, the stabilized orbital
temperatures will not be affected by the given values of initial tem-
peratures. The general thermal analytical models can be developed
and applied for satellite thermal control design and verification by
thermal balance test as shown in the next section.

TMM for Thermal Design

Equation (1) can be converted into a system of finite difference
equations by constructing finite difference nodes with the help of a
Taylor series approximation. Each node is assumed to be isothermal
and to have a constant physical property within the node. Then
the satellite TMM accepted by the SINDA code is obtained from
integrating Eq. (1) over all of the node volumes’*:

k+1 k N
(1) 3 (@)

k=0,1,2,3,...,

VI —T)+ 0

m=0,1,2,3,..., j=12,....,N
@)
where for rectangular nodes,
Gij=kiAi;/l

for cylindrical shell nodes,

G;; =2nk;;L/tn(R; — R;)
and for spherical shell nodes,

G =4nk; jR;R;/(R; — R;)
and where

G ;=0 A3 (T + Tj)(T,-Z + sz), Sij = ¢&iBij

N
$ii=Fij+ Y niFiw
k=1

0,=

N
IBi,j :8j¢i.j + Z pz¢i,mﬁm,jy

m=1

Cj = pcV;, 0,V;
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There are a few representative numerical methods for various ex-
pression of 7™ according to the different time level (superscript 71)
set for the right-hand side of Eq. (2) as

explicit

TF+1 implicit
1)

(T

2
Crank—Nicolson (2a)

Dufort—Frankel

The initial temperature will be used if the time level of the temper-
ature is set O or less than 0. The (modified) Dufort—Frankel method
is a three-time-level finite difference scheme, and the other expres-
sions shown in Eq. (2a) are two-time-level representations. Note that
the nonlinear temperature terms (7; +7;)(T;” 4-T}) shown in the
radiation conductor G" of Eq. (2) can be assumed as known values
in the time level of m — 1 while the calculation of temperatures in
the time level of m is performed. This is an easy and fast way to
eliminate the nonlinear property of the temperatures for each time
step while solving Eq. (2). However, the iterative calculations in
each time step will not be completed until the convergence criteria
for all node temperatures are satisfied:

j=12,...

,N

| T](l +D _ (Zb)

T;’) ’k <t
where superscripts (/) and (/ + 1) represent two successive iteration
levels in the time step of k and &* is a specified small value for the
convergence.

Care should be taken when applying the schemes shown in
Eq. (2a) because the issue of numerical stability may exist in a
marching problem such as Eq. (2). A stable numerical scheme is
one for which errors are not permitted to grow in the sequence
of the numerical procedure as the calculation proceeds from one
marching step to the next. An important parameter r, that is, C—G
ratio, is introduced for the discussion of stability:

N
}’j =CJ/Z(GIJ+G:7)’

i=1

j=12....,N 3

The explicit scheme is conditionally stable because it is stable only
when the chosen time step is less than the C—G ratio, thatis, At <7},
whereas the other schemes shown in Eq. (2a) are unconditionally
stable. However, the chosen time step At for the unconditionally
stable schemes should not be so large that any node temperature can-
not converge within specified convergence criteria, although these
schemes do not have stability issue.

The value of r; is also important for the thermal analyzer to de-
termine if the node is considered to be diffusion (ordinary node
with capacitance), arithmetic (node with negligible capacitance), or
boundary (node with huge capacitance). The arithmetic node should
be assumed if the value of r; is very small; otherwise, the converged
node temperatures can hardly be obtained within reasonable time of
calculation. Some thermal hardware units, such as thermal blanket
and passive radiator tape used in the satellite or spacecraft thermal
control, are always assumed to be arithmetic nodes in the steady-
state calculation because of their negligible weights compared to
other components. However, the boundary node (with fixed temper-
ature) should be assumed if the value of r; is very large. Deep space
and propellant are good examples to be considered as boundary
nodes in satellite or spacecraft thermal modeling.

Sometimes a satellite or spacecraft TMM is integrated from a few
submodels that are built up in parallel by different sources if a com-
plete TMM is very complicated or very large. However, the TMM
system integrator should take care of the conduction and radiation
interfaces among these submodels in advance to provide all sub-
model developers with more straightforward interface information.
Four cases of interfaces may exist in each submodel as follows. The
first case is where there is no conduction and radiation coupling: It
is the simplest case because of no thermal interfaces exist in the sub-
model, and it can be independently developed without interactions
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or iterations with other submodels. The second case is where there is
conduction coupling only: The submodel cannot be independently
developed without information about the interface linear conductors
and temperatures. Therefore, these conductors have to be calculated,
and the corresponding interface temperatures must be assumed for
each submodel development from the beginning. Then the inter-
face temperatures can be updated after the results obtained from
submodel integration and analysis by the TMM system integrator.
After a few iterations, the conduction interfaces for all submodels
can be precisely developed. The third case is where there is radiation
coupling only: The submodel cannot be independently developed
without information about the interface radiation conductors and
temperatures. The gray-body radiation interchanges among all sur-
faces are very complicated and many interface radiation conductors
may be expected. Hence, the TMM system integrator usually estab-
lishes simplified representations of radiation interfaces for each sub-
model developer by totaling all interface radiation exchange factors
and creating a mean effective radiation temperature at the expense
of accuracy as follows:

N 4

" 4
Tmcan = E Slel

i=1

N
~ _ E ~
~Sj total = ~Sjis

i=1

(a3
S j total

j=L12,...,N (4a)
Then the total interface radiation conductor for node j of a submodel
can be simply expressed as

+ 77

mcan) ’

G :UAjsj,total(Tj + Tmean)(TjZ j = 1, 2, ey N

r
Jj,total

(4b)

After all of the submodels are integrated into a complete TMM,
the updated interface radiation conductors and temperatures for all
submodels can be obtained and iterated.

The last case is where there is both conduction and radiation cou-
pling: This is the most complicated and realistic and combines the
preceding two cases. An alternative is to collect all of the incomplete
submodels (without thermal interface modeling) and determine all
of the interface couplings among submodels by the TMM system
integrator.

TMM for Thermal Balance Test

The satellite thermal analytical formulation, that is, Eq. (1), serves
not only for predicting satellite temperatures in the orbit but also for
the thermal balance test prediction. The former has boundary condi-
tions of orbital heating or cooling from the space, and the latter has
boundary conditions of applied heating or cooling from inside of the
thermal vacuum chamber. In general, the satellite thermal balance
test consists of two major portions, including thermal equilibrium
(thermal balance or steady state) and transient heating or cooling
phases.

The thermal equilibrium phases of the thermal balance test in-
clude hot and cold balance phases. The hot and cold balance phases
are used to achieve thermal equilibrium (steady state) in the test
article under simulated hot and cold conditions during the flight.
The flight units are not duty cycled during the whole test phase so
that the temperature stabilization in hot or cold thermal balance is
not affected. Similarly, the thermostat-controlled heaters should be
disabled in these phases, and their duty-cycle function and perfor-
mance be checked in the other dedicated phase. In theory, a single
set of test conditions will provide enough data for the thermal model
correlation. In practice, it is preferable to minimize the amount of
extrapolation required from test conditions to worst-case conditions.
Thus, a two-point thermal model correlation where both hot and cold
conditions are used minimizes the amount of analytical extrapola-
tion to worst-case conditions.

The steady-state equation (2), with no thermal capacitance, will
be used to build the TMM for hot and cold balance phases, and the
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steady-state temperatures T can be obtained from the following
equation:

N

> (Gis+ G T =T+ 0 =0,

i=1

j=1,2,....,N (5

where orbital-averaged heats for hot and cold cases in flight that are
simulated by heating sources such as skin heaters or infrared lamps
inside the thermal vacuum chamber are applied to the boundary
conditions of test article. Note that the maximum- and minimum-
averaged values of the power dissipation Q are also used for the hot
and cold balance phases, respectively.

The conduction conductance G and the radiation conductance
G" assumed in the model will be verified by the test data after the
thermal balance test. The correlated predictions should agree within
£3°C of the test data before the correlated thermal model is used
to make the final temperature predictions for the various mission
phases. If the pretest prediction significantly deviates from the test
result, the correlation between them seems meaningless. In such cir-
cumstances, errors should be identified from either the thermal math-
ematical model or the test itself. The design modification, that is, the
change of radiator size, must be done after the test if the final temper-
ature predictions for the flight exceed the allowable analytical limits.

The transient heating (warm-up) and cooling (cool-down) phases
are to acquire the transient performance data for the test article
during a controlled warm up or cool down between hot and cold
extremes. To speed heating and cooling and obtain enough data for
correlation of unit thermal capacitance within a few hours, all of the
environmental heating powers may be turned on for the former case
and turned off for the latter case. The transient-state equation (2) will
be used to build up the TMM for the transient warm-up or cool-down
phase. The maximum and minimum simulated heating powers can
be applied on the exterior surfaces of the satellite to be boundary
conditions of heating and cooling cases, respectively. Note that the
maximum- and minimum-averaged values of the power dissipation
Q are also used for heating and cooling phases, respectively. Usu-
ally, either the warm-up or cool-down phase chosen in the thermal
balance test is sufficient for the verification of transient-state perfor-
mance, and the cool-down phase is preferred to the warm-up phase
because the former case can save power.

The agreements between pretest model predictions and test data
can guarantee that the assumption of each unit thermal capacitance
used in the model is acceptable. In addition, to satisfy the require-
ment of +3°C discussed in thermal equilibrium phases, the pretest
transient temperature prediction for each unit should agree to its test
result without curve crossing or interception between them during
testing period. Otherwise, the prediction model for each unit has to
be adjusted by modifying the value of the thermal capacitance C
assumed in the TMM. Examples of ROCSAT-1 battery and gyro-
scopic transient cool-down temperatures from thermal balance test
and model predictions are compared, as shown in Figs. 1 and 2
respectively.!%!!
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Fig. 1 ROCSAT-1battery transient cool-down temperature in thermal
balance test.
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Fig. 2 ROCSAT-1 gyroscopic transient cool-down temperature in
thermal balance test.

Simple Thermal Analytical Models

To estimate how far the satellite critical unit temperatures are
from their thermal equilibrium states in thermal balance testing, a
simple and quick formulation for transient temperatures, instead of
the complicated Eq. (2) for a whole satellite, should be developed.
In addition, before testing, it is important to estimate how long the
test will be conducted from initial to equilibrium states because
the appropriate arrangement of test schedule is required for such a
complex and time-consuming task. Sometimes unit properties such
as emissivity and thermal capacitance can be also determined from
measurements of temperature and heat by aradiation cooling or heat-
ing test for the unit in a thermal vacuum chamber.® Furthermore, the
prelaunch satellite operation simulation for thermal-control person-
nel training also requires a simple thermal model for some critical
units. Thus, the general energy equation (1) is reduced to a sim-
plified case of pure radiation heating or cooling for the isothermal
body (with negligible heat conduction) to the environment such as
the deep space or a thermal vacuum chamber wall:

dTr
Cor = eAo (T} - T*) (6)
where e Ao T; can be obtained from the sum of the body-absorbed
radiation energy from the environment Q, and the internal power
dissipation Q; in steady state, that is,

eAoT} = Qu+ Qi (62)

The constant value of 7 can be obtained if constant (orbit-averaged)
Q. and Q; are used in the preceding equation, and thus, Eq. (6) can
be explicitly solved for the transient temperature 7. The case with a
nonconstant 7x due to time-varying values of Q, and Q; will not be
discussed in this paper because it will result in difficulty in solving
Eq. (6) without the help from a numerical scheme and, hence, may
lose its original advantage of simplicity and convenience.

If the environmental heating is from the adjacent cold plate (or
heating shroud) with emissivity ¢,, and temperature T, instead of
from the space or thermal vacuum chamber wall, the radiation in-
terchange factor should be introduced between the test-unit radiator
and the cold plate. Then, Eq. (6a) for solving T can be modified as
follows:

ASpuo (T = T,) = Q; (6b)
If the test-unit radiator is very close to the cold plate (or heating
shroud), the radiation interchange factor shown in the preceding
equation can be expressed approximately as

1
(1/e+1/ey — 1)
Equations (6b) and (6c) are also useful to estimate the value of T,

for the cold plate applied in the thermal balance test, when Ty has
been calculated from Eq. (5) before testing.

(6¢)

~x —
JE,U: -
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Equation (6) can be solved by theoretical analysis, with the result
expressed in a compact mathematical formulation; however, Eq. (2)
can only be tackled by numerical computation with application to
the appropriate thermal software package. Two different solution
methods, a linear approximation and an exact formulation to Eq. (6),
are described. The former method gives a very simple and explicit
solution but may result in more deviations for some cases. However,
the latter method, without further restriction, gives an implicit and
slightly more complicated solution with a mathematical singularity.

Linear Approximation
When the temperature T is close to the equilibrium temperature
Tk, Eq. (6) can be approximately expressed as

dr 3
CI =4¢AcT;(Te —T) )
It is convenient to write Eq. (7) in the form
dar Ty —T @®)
dr — T
where the radiation time constant 7 is defined by
T =C/4cA0T} (82)

Note that the time constant is a measure of how rapidly the tem-
perature of the test article will approach its equilibrium value. The
solution of Eq. (7) can be obtained as

T/Tg =14 (a — 1)exp(—t/7), a="Ty/Tg )
where 7 is the temperature at # =0, or starting temperature. The
temperature approaches the equilibrium temperature 7y, as shown
in Fig. 3a when the time gets longer no matter what the value of a
is. Note that the value of a < 1 represents radiation heating with the
limiting case of a =0, whereas a > 1 is for radiation cooling with
the limiting case of a = co. The temperatures shown in Fig. 3a have
more reliable accuracy for values of a closer to unity (such as the
cases between a = 0.75 and 1.25) and longer elapsed time due to the
assumption of linear approximation made in Eq. (7). The tempera-
ture ratios can be also expressed in the form of 1 — exp(—¢/7) as
shown in Fig. 3b, where the temperatures are completely linearized.
The temperature difference between the test article (or flight unit)
and its equilibrium value usually becomes negligible when it is
smaller than the accuracy of temperature measurement, or smaller
than any variation in Tg; the test article can then be considered to
reach equilibrium. Thus, the time to reach the equilibrium state 75
can be derived from Eq. (9) and expressed as

tg =t l[(a—1)/(E - 1], E= TE/TE (9a)
where T} is the accepted (approximate) equilibrium temperature in
the test or simulation. For the massive satellite component such as
the battery with a narrow operating temperature range, that is, value
of a close to 1, Eq. (9a) can be easily used to estimate the required
equilibrium time once the value of E is set.

Exact Formulation

For lighter but larger components (such as solar array panels,
antennas, etc.), the preceding linear approximation may result in
solutions with significant deviations and, thus, is not acceptable.
Therefore, Eq. (6) must be solved exactly for a more general appli-
cation and expressed as

ar Th—T* (10)
dt 47T}

The exact solution of Eq. (10) varies in form depending on whether
the initial temperature 7 is above or below the equilibrium tem-
perature 7. For the case of radiation heating, the solution can be
expressed as

(t/7) + const = 2[ tanh™' (7/T) + tan~" (T/Tp) | an
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TTe = 14(a1)e™"
a=20 E”
175 a=175
a=15
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Fig. 3a Linear-approximated temperatures vs #/7 for radiation heat-
ing and cooling.
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a=0.25,
0.25
a =0.0
0 1 1 1
0 0.25 0.5 0.75 1

(-t/
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Fig. 3b Linear-approximated temperatures vs 1—exp(—t/7) for radi-
ation heating and cooling.

where
const=2(tanh™' a + tan~' @), a=Ty/Tg, a<1 (1la)
For the case of radiation cooling, the solution is
(t/7) + const = 2[ coth™ (T/Ty) — cot™ (T/Tp)] (12)
where
const=2(coth™' a — cot™' a), a=Ty/Tg, a>1 (12a)

It is not possible to write temperatures as functions of times, al-
though times can be written explicitly as functions of temperatures,
as shown in Egs. (11) and (12), which are plotted in Fig. 4a for
various values of a. However, the equilibrium time 7z can be ex-
plicitly expressed in Egs. (11) and (12) when T is substituted for by
T;. Itis difficult to plot Egs. (11) and (12) when T; approaches Ty
because of the singularity occurring at a = 1, that is, the case for the
temperature always maintained at the equilibrium state. The tem-
perature ratios of Eqs. (11) and (12) can be also expressed in term of
1 — exp(—t/1), as shown in Fig. 4b. Sometimes Fig. 4b rather than
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2 t/r =2(coth " T/Tg-cot " T/Tg)- 2(coth ™ a-cot ')
1.75
a=20
1.5 a=175
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L L 1
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Fig. 4a Temperatures vs #/T for radiation heating and cooling from
the exact formulation.
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075 205
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0 0.25 0.5 0.75 1
1 -e (-t/1)

Fig. 4b Temperatures vs 1 —exp(—#/7) for radiation heating and cool-
ing from the exact formulation.

Fig. 4a is used if the temperature ratio demonstrated over a whole
spectrum of ¢/t from O to infinity is preferred. Note that the data
shown in Fig. 4b have been compressed exponentially when the time
is increased. It can be easily found that the temperature approaches
the state of equilibrium when the elapsed time is longer than a few
times the characteristic time constant 7. Comparing Figs. 4a and 4b
with Figs. 3a and 3b, we find the cases with values of a close to
1, that is, a =0.75 and 1.25, show almost identical transient tem-
perature ratios. These results can prove the validity of the linear
approximation applied in the aforementioned cases, and a battery
in a satellite with small temperature variations because of its large
thermal capacitance before reaching the equilibrium is the best ex-
ample. However, the results from the exact formulation show that
the linear approximation may cause large deviations for the values
of a far from unity. The deployed solar array of a satellite with a
small thermal capacitance shows large temperature variations, that
is, values of a away from 1, before reaching equilibrium in orbit.
The cases of a =2 and 0.5 in Figs. 4a and 4b are good examples
of solar array radiation cooling when it enters eclipse and heating
when it leaves the eclipse in the orbit, respectively.
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Conclusions

General, simple thermal analytical models that form the basis
of thermal analysis to solve satellite thermal control problems in
various development stages have been discussed in detail. The gen-
eral thermal mathematical model is usually applied in the formal
thermal design and test phases, whereas the simple thermal analyt-
ical model is frequently used in informal requests for system and
test engineering tasks. Both models are equally important to the
thermal control problems because the former can lead to complete
and quite accurate solutions and the latter is a powerful tool to get
quick estimates for the overall system. The fundamental mathemati-
cal and numerical background and concepts were briefly introduced
for these analytical formulations to confirm assumptions and limita-
tions made for thermal control engineering applications. Experience
in satellite thermal control provides the theoretical area of combined
conduction and radiation heat transfer with fruitful material for ap-
plication. A broader bridge has been built between the two sides of
academic study in heat transfer and space-engineering application
in thermal control.
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esign Methodologies for Space Transportation Systems is a
sequel to the author’s earlier text, Space Transportation: A

Systems Approach to Analysis and Design. Reflecting a wealth
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Process m The Conceptual Design and Tradeoffs Process m
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of experience by the author, both texts represent the most comprehen-
sive exposition of the existing knowledge and practice in the design and
project management of space transportation systems. The text discusses
new conceptual changes in the design philosophy away from multistage
expendable vehicles to winged, reusable launch vehicles, and presents
an overview of the systems engineering and vehicle design process as
well as the trade-off analysis. Several chapters are devoted to specific
disciplines such as aerodynamics, aerothermal analysis, structures,
materials, propulsion, flight mechanics and trajectories, avionics, com-
puters, and control systems. The final chapters deal with human factors,
payload, launch and mission operations, and safety. The two texts by the
author provide a valuable source of information for the space transporta-
tion community of designers, operators, and managers. A CD-ROM
containing extensive software programs and tools supports the text.
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