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Relative Heat Load Comparison of Vehicles Flying
Hypersonic Transatmospheric Trajectories

Falcon Rankins* and Darryll J. Pines’
University of Maryland, College Park, Maryland 20742

An approximate analysis to estimate the stagnation-point heat flux and heat load for hypersonic vehicles flying
transatmospheric periodic, glide, and steady-state cruise trajectories is presented. The analysis was developed by
approximating density and velocity profiles for a hypersonic vehicle with aerodynamic characteristics that are
assumed to be representative of current and future configurations. Results from a comparative investigation of
relative heating rates and heating loads suggest that there exists a flight corridor of mean altitudes and cruise
velocities at which a periodic cruise trajectory achieves lower average heating rates when compared to glide or

steady-state cruise trajectories.

Nomenclature
Cp = drag coefficient
C, = lift coefficient
D = drag, N
g = ratio of wall enthalpy to total enthalpy
L = lift, N
m = vehicle mass, kg
q = heat load, J/cm?
q = heat flux, W/cm?
R = trajectory range, m
r, = body nose radius, m
o = radius of the Earth, m
t = time, S
Vv = vehicle velocity, m/s
Vooost = glide trajectory starting velocity, m/s
Vi = orbital velocity at surface of Earth, m/s
X = horizontal distance along path, m
y = altitude, m
Va = maximum periodic trajectory amplitude, m
Ve = mean altitude of a periodic trajectory, m
yr = ending altitude of glide trajectory, m
Vi = starting altitude of glide trajectory, m
B = density profile scale factor, m™!
¥ = flight-path angle, rad
Yr = flight-path angle at periodic hypersonic cruise (PHC)
mean altitude, rad
p = density, kg/m?
Po = reference density, kg/m?
10} = periodic trajectory frequency, rad/m
Subscripts
glide = glide trajectory
phc = PHC trajectory
ss = steady state
steady = steady-state cruise trajectory

Introduction

N the past four decades there has been considerable interest in
developing hypersonic vehicles for a variety of applications.Re-
centinterestin hypersonic flight has been motivated by the potential
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for long-range intercontinental transport involving both cargo and
passengerswith the shortest possibletravel times. These effortshave
focused on hypersonic vehicle designs, which can deliver the max-
imum amount of payload for a given range. To achieve this goal,
various flight trajectories have been studied, including steady-state
hypersonic cruise, boost-glide, and periodic cruise. Of these trajec-
tory types, optimal periodic cruise trajectories appear to be the most
promising in terms of average fuel consumption for a given range.

Following the lead of Speyer'> and more recent studies by
Chuang and Morimoto,’ Carter et al.* and vE. Rudd et al.> analyzed
optimal periodic hypersonic cruise (PHC) trajectories for increased
performance. PHC trajectories use a skipping motion with periodic
propulsion impulses at the lowest altitude of the trajectory to sus-
tain the skipping motion. An example of a PHC trajectory can be
seen in Fig. 1. Both initial approximate analyses and more rigorous
optimization studies suggest that PHC trajectories provide better
performance than other trajectory types. Although previous work®?>
considered heating issues as a constraint in trajectory design, the
work neglected to address adequately the issue of the heat flux and
heat load encountered by a hypersonic vehicle traveling along a
PHC trajectory path.

Thus, a simple analytical method of estimating the heat flux and
heat load experienced on a PHC trajectory is desired. Although an-
alytical entry heating analyses have been treated in some detail 5~%
little work has been done toward an analytical heating analysis of a
periodic trajectory. The present work attempts to develop the nec-
essary analytical tools for estimating the stagnation-pointheat flux
and integrated heat load on a vehicle flying a PHC trajectory. This
analysisis compared to similar analyses for hypersonicsteady-state
cruise and glide trajectories in an attempt to compare the trajectory

types.

Simplified Heating Analysis
Trajectory Approximations
In the subsequent simplified heating analysis, the following as-
sumptions are applied to each trajectory type: 1) boost phase is
ignored, 2) atmosphere is exponential, 3) g forces are acceptable
from a structural standpoint, 4) vehicle mass remains constant, and
5) vehicle lift-to-drag ratio is held constant.

PHC Trajectory
The altitude profile for a PHC trajectory can be approximated by
Yy =Y. + y,cos wx (1
where o is defined in terms of range as 27/R, where R is the
straight-line distance between the endpoints of a single period. At
any point along the trajectory, the flight-path angle is y, and the

absolute value of the flight-path angle at the mean altitude of the
trajectoryis y;.
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Fig. 1 Parameters of a PHC trajectory.

Definition of Steady-State Cruise Trajectory

The hypersonic steady-state cruise trajectory is approximated by
a straight and level path. It is flown at a constant velocity V; and
steady-state altitude Y.

Definition of Hypersonic Glide Trajectory

For the purposes of this analysis, the glide trajectory is approx-
imated as a linear path connecting designated starting and ending
points. The starting point of the trajectory is significantly higher
than the mean altitude of either a typical periodic or steady-state
cruise trajectory. The glide trajectory can then be written as

Yr— Vi

glide

Yetiae(X) = x+y; 2)

Heat Flux Equation
From Tauber et al.” the stagnation-pointheating rate can be writ-
ten as

dg !
) =— =Cpz V3 3
1= T @
such that
1
C =1.8310"%r, (1 - g,) @)

where the ratio of wall enthalpy to total enthalpy g, is a weak
function of wall temperature. If the velocity is entered in meters per
second and the density in kilograms per cubic meter, the resulting
units of heat flux are watts per square centimeter.

Because the various trajectory types will be defined with respect
to distance rather than time, the heating rate must be rewritten in
terms of distance. It can easily be seen that for a given point along
a periodic trajectory

dx
— =V 5
o cos y ®))
where 7 is the flight-path angle at a given trajectory point.
Combining Eq. (3) with Eq. (5) describes the change in heat load
over distance x:

1
d Cp2V?
4 _trr ©)
dx cosy

Density Profile

To use the equation effectively for heating rate, a density profile
along the trajectory is required. The density profile can be approx-
imated by assuming the exponential atmospheric model given by
Ngrstrud®:

p =poe ™ 7

where py is the sea level density of 1.225 kg/m? and the density scal-
ing factor 3 is 0.00014 m™". This density function provides values
correspondingto standard atmosphere density values at altitudes of
0, 30.2, and 54 km. Between the altitudes of 30 and 54 km, the ex-
ponential approximation to the atmosphere slightly overestimates
the density.

Heating Analysis for PHC
Stagnation Heat Flux with Constant Velocity
Combining Eq. (1) with Eq. (7) provides the density variation
encountered along a periodic trajectory as a function of distance
along the trajectory:

p =poexpl=B(y. + y, cos wx)] ®)
To simplify matters, the heating analysis is initially performed

with the assumption that velocity remains a constant, V,, along the
trajectory. The heating equation then becomes

dqphe Vi ol 1
Sphe =C— p(? exp| —=B(y. + y, cos ox) 9)
dx cosy 2

Integrated Heat Load with Constant Velocity

To obtainthe heatload acrossa periodic trajectory, Eq. (9) mustbe
integrated over x. To simplify the integration,a small angle approx-
imation for y is used, and the exponential term is expanded using
a Taylor series. Because the maximum flight-path angle for the tra-
jectories discussed in this work remain below 5 deg, a small angle
approximationfor y providesbetter than 0.6% accuracy. Expanding
the exponential term leaves the following integral:

q x 1 o0 - 1 n
/ dqpne = / CVUZPUTE—%/U’U x|:Z ( n') (Eﬂy“ cos a)x>:| dx
0 0 :

n=0
(10)

Evaluating the integral from 0 to x leads to

By, sin wx
2 10}

. (By)? [ x . sin2 mx (By.)? [ sinox  sin® wx
8 2 4o 48 w 30

. (By)* 3x . sin 2wx . cos2ox 1\ (i
384 8 4w 32w 32w

Recall that @ =27/ R; the total heat load presented to a vehicle
traveling along a PHC for a single period, from 0 to R, reduces to

L 1
qphc =CV()2p()T€_TﬂyL<x

1 2 4 6
done =Cvozp;€_%ﬂ),LRx<l+(ﬂya> LBt (ﬂmé) 12)

16 1024 147,45

when the first seven terms of the expansion in Eq. (10) are used.
The expansion of the exponential term is accurate to within 0.15%
for a periodic amplitude of up to 20 km yet provides a relatively
compactequation for heatload. Additionally,if the expansionwere
extendedto the first eight terms, the resulting heat load would differ
by no more than 0.007% with a periodic amplitude of 20 km.

Periodic Velocity Profile

To achieve greater fuel consumption efficiency compared to a
steady-statecruise trajectory,a PHC trajectoryrelies on the periodic
thrusting of the vehicle’s engine. Speyer> has mathematically
proven that periodic thrusting is more fuel efficient than continuous
thrusting over the same time interval. However, periodic thrusting
does notimply thata vehicleflying along a periodictrajectory would
maintain a constant velocity. Clearly, drag, lift, and weight would
have an affect on the vehicle’s velocity, and this must be considered
in an attempt to gain a more accurate analytical representation of
the heating rates and heat load on the vehicle.

The derivation of the velocity profile of the vehicleis brokeninto
two portions: the glide phase and the skip phase. During the glide
phase of the trajectory, the vehicle is influenced by the effects of lift,
drag, and weight. Although Eggers and Allen’ provide a differential
equation to estimate the velocity profile of a gliding vehicle with
a fixed lift-to-drag ratio, the equation is not easily handled with a
changing flight-path angle. Therefore, a slightly different approach
is taken to determine the gliding velocity profile. Assuming that the
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vehicle’s lift balances its weight throughoutthe gliding portion, the
equation of motion that includes drag can be expressed as
_8 & (13)
L/D  dt

According to work by vE. Rudd et al.,’ the L/D ratio of a repre-
sentative hypersonic vehicle flying a PHC trajectory varies by no
more than 5% across the trajectory. Therefore, the lift-to-drag ratio
is approximatedas constant, and Eq. (13) can be solved for position
vs time:

ds g

aw =T TD (14
where s is the position along the trajectory. Note, however, that the
vehicle model developed by Chuang and Morimoto® and used by
vE. Rudd et al.’ neglects the change in Reynolds number in calcu-
lating the viscous drag. Because the Reynolds number can change
by a factor of 20 from the bottom to the top of the PHC trajectories
used in this work, the value for the vehicle’s viscous drag coeffi-
cient at the bottom of a period is roughly a quarter of the value at
the top of a period. According to the work of vE. Rudd et al.,’ if the
Reynolds number effects are neglected, the viscous drag accounts
for approximately 50% of the vehicle’s drag. Therefore, the chang-
ing Reynolds number will have some effect on the lift-to-dragratio
of the vehicle as it flies on a PHC trajectory, but those effects were
not taken into accountin the present work.

To gain a more accurate velocity profile in terms of the horizontal
position along the trajectory, the substitutionds =dx cos y is made.
Note that y can readily be written in terms of x. The geometry of
the trajectory provides

dy
dx
Combining Eq. (15) with the derivative of Eq. (1) with respectto x
allows y to be expressed as

(15)

tany =

y =arctan(y, ®sin wx) (16)

By combining the substitution for ds [Egs. (16) and (14)], the dif-
ferential equation becomes

. -8
t dx =\ V) — ——1 )dr 17
coslarctan(y, ®sin wx)] ( "~ T7D ) a7

By expanding the left-hand side of the differential equation to its
first six terms, Eq. (17) can be solved for ¢:

Using Eqgs. (5) and (15), we can see that for any point along a
trajectory

dy dydx
—_— =—— =t Vv 21
dr  dx dr (tany)(V cosy) @D

Equations (19) and (15) are combined, and the resultis combined
with Eq. (21) to yield

vV d
a =22 & (22)
L cosy

When Eq. (22) is substituted into Eq. (20),

v y

av c, [

— == d 23

/V( v c . secy dy (23)
vy

)
where V,, and —y, are the velocity and flight-path angle, respec-
tively, at the beginning of the skipping portion of the trajectory.

The velocity for any point along the skipping segment is then
secy + tany

—(Cpl/CL)
(sec(—yf) + tan(—w))

where y is given in terms of position x in Eq. (16).

Because an impulsive AV is not realistic, to approximate the
increase in velocity during the thrusting portion of the period, it is
assumed that one-quarter of the velocity profile undergoes a linear
increase in velocity. Effectively, the thrusting would begin when
the vehicle is at the lowest point of the trajectory and last until the
vehicle reaches the mean altitude of the trajectory. The resulting
velocity profile is consistent with the velocity profiles calculated by
vE. Rudd et al.?

To determine the velocity profile without an impulsive AV, a
Viurn 18 selected and used as Vj to determine the velocity profile in
the gliding portion of flight, given by Egs. (14) and (18). Care must
be taken in selecting appropriate values for x in Eq. (18) because
the gliding portion is physically divided by the definition of the
trajectory as a cosine wave. A variation of x from —0.25R to 0.25R
sufficiently addresses this problem. The velocity at the end of the
gliding portion can then serve as Vj in Eq. (24), and by allowing
y to vary from —y; to 0, the velocity profile for the first half of
the skipping portion can be determined. The velocity profile for the

L/D
L/D

t=——1V,

g T 420

L/D

+12,600x7y* @' + 15,750x7y;w‘2>>

Substituting Eq. (18) into Eq. (14) results in an approximate ve-
locity profile for a vehicle traveling on the gliding portion of a PHC
trajectory. The approximationused in Eq. (17) is valid only for the
first quarter on either side of the trajectory’s starting point. Within
this region, using the first six terms provides a high degree of accu-
racy across a range of y, and R values, with accuracy increasing as
y, decreases and R increases. With a periodic amplitude of 20 km
and a range of 1200 km, the expansion is within 0.2% accuracy
and remains within 1% accuracy if either the range is decreased to
800 km or the amplitude is increased to 30 km.

During the skip phase of the trajectory, the flight-path angle in-
creases with time. The effects of weightcan be considerednegligible
in comparison to the lifting force on the vehicle. Thus, the equations
of motion simplify to

d

L=mv?ZL (19)
dx
dv

D =-m— 20)
dr

| (L 176,400V —— — 352,800x + 58,800x°y* " — 11,760x° y? 05 —26,460x°y* &® + 1120x7 y2 o®
g

(18)

final quarter of the trajectory is approximated as a line drawn from
the resulting final velocity to Viyym.

To define the magnitude of a velocity profile, a desired average
velocity is selected. Vi, is then altered until the selected average
velocity across the resulting profile is achieved. Figure 2 shows
a representative velocity profile for a vehicle averaging 3000 m/s
across the trajectory.

Stagnation Heat Flux with Periodic Velocity Profile

Substituting the periodic velocity profile into Eq. (9) and recalling
the flight-path angle expression in Eq. (16), we have the heating
equation for a PHC trajectory as

L
dgge V()] exp[=1B(y + ¥, cos )]
=C - (25)
dx coslarctan(—y, sin wx)]

Heat Load with Periodic Velocity Profile
When the periodic velocity profile is incorporated into Eq. (9),
the heat flux equation becomes a complex function of x, and the
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Fig. 2 Approximate velocity profile for vehicle on PHC trajectory.

integration of the heat flux to obtain the heat load becomes quite
involved. It will be seen later thatignoring the velocity profile results
in the overestimation of the average stagnation-pointheating rates
encountered along the trajectory by 1-5%. Therefore, the use of a
constant velocity profile provides a conservative approximation of
the integrated heat load across the trajectory.

Heating Analysis for Steady-State Cruise
Combining Eq. (6) with the density model of Eq. (7), we can
formulate the expression for heat flux along a steady-state cruise
trajectory as

dgss

—3Byss 26
e o € (26)

=CV2p?

The heatload acquired along a steady-state trajectory of distance
R then becomes

L1
G = CVOZPOTE—Eﬂ)’ssR

Heating Analysis for Hypersonic Glide Trajectory

Hypersonic Glide Velocity Profile

Because the gliding vehicle is assumed to be unpowered, the
effectsof aerodynamicforcesand vehicle weight mustbe considered
when calculating the velocity profile. Eggers and Allen® provide a
comprehensive analysis of unpowered gliding flight at small flight-
path angles, and this analysis is presented in a slightly modified
form, beginning with the equations of motion

V2

d7gtide lide
= - 2 £ _g
L =-mVy,, i +m e 27)
1 dv2,
D = _5 deld + mg Ygide (28)

where ry is the radius of the Earth or 6370 km.
Dividing Eq. (27) by Eq. (28) provides the differential equation

L 1L dvzld d%gtia Vzl'd
1 — —Yuiae | + sl y2 gl ) 81 29
g( D ygld ) (2 D 1 glide dx To ( )

dqphc/dx

V(x)? exp[— %ﬂ(yc + y, cos a)x)]| coslarctan(—y, wsin wx)]

Because the gliding trajectoryis assumedto be a straightpath with
constant flight-pathangle, dy /dx =0.Equation (29) then simplifies
into a differential equation that can readily be solved for velocity
along the gliding trajectory:

g],dc(x) =18 - CD Yelide
+C, (—1 )exp(Z/ro (—CL )x)}/(—l ) (30)
1) CD ro

where
1 2 C, 1
Cl - ((r(])‘/boosl - g(l - CD Yglidc>>/(r0> (31)

Yglide = arctan Lo (32)
Rglidc

Vioost 15 the velocity of the vehicle at the start of the trajectory. To
find the starting velocity, according to Eggers and Allen’

Voo = V2L = expl=2(Rgiae/ 1) (LID)]}  (33)
where V; is satellite velocity at the Earth’s surface, given as
7903.5 m/s.

Gliding Trajectory Heating Analysis

Combining Eq. (7) with Eq. (2) results in a density profile for the
gliding trajectory. With the density profile and the velocity profile
given by Eq. (30), the heat flux encountered by a vehicle traveling
along a gliding trajectory can be written as

dqgige i L (Y= ro
_feie 2 _ + oy —_—
dx Cp() eXP( 2 ﬂ ( Rglldc ! Vinitl COos yglidc
C 1 C
X{g(l—C—L?/glidc>+C ( )exp(Z/rg(CL>x>} (34)
D ro D

Comparative Heating Analysis

From Eq. (4), it can be seen that the vehicle-specific constant C
in Eq. (6) is a weak function of wall temperature and local stagna-
tion temperature. For the purposes of this comparison, the differ-
ence between g, corresponding to a vehicle flying either a PHC,
steady-state, or glide trajectory will be considered negligible. Fur-
ther assuming that all vehicles have the same nose radii, the value
of C will be considered the same for all trajectories.

Using the periodic velocity profile derived earlier and retaining
v, we have the ratio of the heating rates acquired along a PHC to
the heating rates acquired along a steady-state trajectory reduce to

1
1B(ye + yacos ox)]

%yss) coslarctan(—y,® sin wx)]

dgpe/dx V() exp[-

= (35)
dgq,/dx V2 exp(—

A similar expression for the ratio of heat flux acquired along a
PHC to the heat flux acquired along an unpowered gliding trajectory
can be found by dividing Eq. (25) by Eq. (34):

dqglidc/d—x - exp(— %ﬂ{[(Yf

(36)

= )/ Rgtige 1 X + Yinitian })(VU/COS Yatiae {811 = (C1/ Cp) Vgiige] + C1(1/10) exp[2/ro(C/ Cp)x]}
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Results and Discussion

Table 1 summarizes the trajectory parameters used to compare
the PHC, steady-state and glide trajectories. The trajectory shapes
are shown in Fig. 3 and have the following characteristics.

1) A vehicle flying these trajectoriesis assumed to have a lift-to-
drag ratio of 4 throughoutthe entire flight, which is consistent with
vehicle models used in previous work. >3

2) The PHC and steady-statetrajectoriesare designed with a mean
Mach number of 10, which is consistent with proposed transatmo-
spheric cruisers'® and the state of the art in air-breathingpropulsion.

3) The glidetrajectoryis modeledto end at the mean altitudeof the
steady-state trajectory and minimum altitude of the PHC trajectory.

4) The three trajectories are simulated to achieve a range of ap-
proximately half the circumference of the Earth.

Results for the heating analysis can be found in Figs. 4-10.
Figure 4 shows the heating rates encountered by a vehicle flying
a single PHC period as given by Eq. (25) and a steady-state cruise
trajectory as given by Eq. (26). For the PHC trajectory, the highest
heating rate is encountered in the center of a period, when the vehi-

Table1 Trajectory parameters

PHC Ss® Glide
ye =40,000m  yi =30,000m  yp = 90,000m
Yo = 10,000m — ¥/ = 30,000m
R=1200km  R=1200km Rgjg = 19,200km
Vi =3,000m/s Vi =3,000m/s Vo =6,973m/s
LID=4 LID=4 LID=4

“Steady state.

ox 10

015 02 025 03 035 04 045 05

x/2mr,

0 005 01
Fig. 3 Comparison of PHC, steady-state (SS), and glide trajectories
described in Table 1.
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Fig. 4 Comparison of heat flux along PHC and SS trajectories over a
single PHC period.

cle is at its lowest altitude. The lowest heating rates correspond to
the points of highest altitude on the trajectory. Figure 4 also shows
that the highestheating rate of the PHC trajectory never reaches the
steady-stateheating rate. This is because, when both trajectories are
at the same altitude, the velocity along the PHC is lower than the
steady-statevelocity. A comparison of the heatingrates encountered
along all three trajectories across a distance of 16 PHC periods can
be seen in Fig. 5.
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Fig. 8 Comparison of PHC, SS, and glide heat loads over 16 PHC
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Fig. 9 Percent savings in heat load of PHC over SS across 16 PHC
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Fig. 10 Percent increase in heat load of PHC over glide across 16 PHC
periods.

Figure 6 shows the heat flux encountered by a vehicle traveling
on a PHC trajectory with both a constant velocity and the peri-
odic velocity profile. If a vehicle were to fly this trajectory while
maintaining a constant velocity, it would encounter only a 2.65%
increasein its average heat flux compared to a vehicle traveling with
the periodic velocity profile described earlier. Because both cases
are examined across the same interval, the ratio of the average heat
fluxes is the same as the ratio of the integrated heat flux. This shows
that the total integrated heat load is similarly unaffected by the use

of a constant velocity across the PHC trajectory. Therefore, it is
unnecessary to perform the additional calculations required to find
the integral heat load with the periodic velocity profile, inasmuch as
the heat load calculated with a constant velocity should suffice for
an approximate analysis.

The heat load acquired by a vehicle flying a single period of a
PHC trajectory at a constant velocity is shown in Fig. 7. Figure 8
shows the heatload acquired across 16 periods. Figures 7 and 8 also
show the heat load obtained along a steady-state trajectory of equal
distance, and Fig. 8 shows the heat load from the gliding trajectory.
Notice that, for the assumed parameters in Table 1, the heat load
presented to a hypersonic vehicle flying a glide trajectory is clearly
less than the heatload presentedto a vehicle flying a PHC trajectory.

Figure 9 shows the percent savings in heat load over steady state
achieved by flying a PHC trajectory. Across the 16 PHC periods
shown in Fig. 9, the periodic trajectory accounts for almost a 45%
decreasein averageheatload comparedto the steady-statetrajectory.
Figure 10 shows the percentincrease between the heatload obtained
on the PHC trajectoryand the glide trajectory. A vehicle flyingalong
the glide trajectory would see a significant reduction in heat load
compared to the PHC trajectory throughoutmost of its flight. When
the altitude of the glide path approaches the PHC altitude range, the
heat loads begin to approach each other. From Fig. 10, for the case
examined, a vehicle flying 16 periods of the PHC trajectory will
encounter almost two and a quarter times the heat load absorbed by
a vehicle on the glide path of the same distance.

Comparative Results and Analysis

To determine a flight corridor in which PHC trajectories achieve
lower average heating rates when compared to the other trajectory
types, a comparativeanalysis was conducted. This analysisincludes
dynamic pressure constraints on the vehicle, which restrict the ve-
hicle to a dynamic pressure between 24 and 97 kPa. These limits
are established by the maximum vehicle structural loads and the
operational range of air-breathing propulsion.

Figures 11-14 show the results of the comparative heating rate
analysisfor a hypersonicvehiclewith L/ D =4.Figures 11-14 each
use either Eq. (35) or Eq. (36) to compare PHC trajectories with
amplitudesof 5 and 15 km to a fixed steady-state or glide trajectory.
The steady-statetrajectory in Figs. 11 and 12 has a mean altitude of
30km and s flown at a velocity of 3.25 km/s, which is equivalentto
a dynamic pressure of 97 kPa. The glide trajectory used in Figs. 13
and 14 is described in Table 1. The PHC trajectories used in the
analysis include the velocity profile derived earlier.

The axes of the plots represent varying mean altitudes and av-
erage velocities for a PHC trajectory. The contours show the ratio
of average PHC heating rates across the trajectory to the average
steady-state or glide heating rates. Also shown in Figs. 11-14 is
the allowable dynamic pressure corridor for the vehicle. The shaded
portions of Figs. 11-14 represent the usable region in which a PHC
trajectory can be designed to provide lower average heating rates.

5000 ;/ . \\\\\\\\\
gaso0f ’ o v \\\\ \\\\\\\\
%3000 " dyn press \\i \\\\\\E\\\\ 7
€ 500 r .= |
:;é) 2000 \\\\ Usable Region
=
1000 . . dvn press = 24P ‘
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Fig. 11 Ratio of PHC to SS average heating rates (periodic ampli-
tude=5 km).
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Fig. 14 Ratio of PHC to glide average heating rates (periodic ampli-
tude =15 km).

From Figs. 11 and 12, it can be seen that, for a PHC trajectory
to have a lower average heat flux than a steady-state trajectory, the
PHC must be flown either at a lower average velocity or a higher
altitude compared to the steady-state path. Figures 13 and 14 show
that a PHC trajectory is severely restricted if it is to be designed
to resultin a lower heating rate than the glide trajectory. The max-
imum average velocity allowed for the PHC trajectories is barely
2.25km/s, which is not even half of the average velocity of the glide
trajectory in question. Figures 13 and 14 also show that the usable
region decreases in size with an increase in periodic amplitude.
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Fig. 15 Density profiles for PHC and SS trajectories.
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Fig. 16 Velocity profiles for PHC and glide trajectories.

Some insight into the comparative heat flux and resulting heat
loads of the steady-stateand PHC trajectorytypes can be foundin the
density profiles of the trajectories.Figure 15 shows the atmospheric
density encounteredalonga typical periodic trajectory with a 35-km
mean altitude and a 10-km amplitude. Overlaid in Fig. 15 is the
density at the mean altitude of the trajectory. According to this
model, we have the density at the peak of the trajectory dropping
by roughly 25% compared to the mean altitude density. However,
because the density function varies exponentially, when a vehicle
flying along this periodic trajectory reaches its lowest altitude, it
encounters an increase in density of almost 400% compared to the
mean value. If the same vehicle were to fly a steady-state trajectory
at the same average velocity along the mean altitude of the PHC,
the vehicle flying the PHC would clearly receive a higher average
heat flux across the period. For a PHC trajectory to provide savings
in average heating rates and heat loads, it must be either be placed
at a higher mean altitude than a comparable steady-state trajectory
or the vehicle must travel at a lower average velocity.

The density profile and velocity profiles can also clearly demon-
strate why a vehicletravelingon the glide trajectoryreceivesalower
heatload thana vehicle on the PHC trajectory. The mean density en-
counteredalong the glide trajectory is only 15% of the mean density
through which a vehicle on the PHC trajectory travels, even though
almost a third of the glide trajectoryis flown within the bounds of the
PHC trajectory. At the same time, as the glide trajectory approaches
the PHC altitude, the velocity has decreased to the order of the PHC
velocities, despite that the glide trajectory being examined has an
average velocity almost twice as great as the PHC average velocity.
A comparison of the velocity profiles for both trajectory types is
shown in Fig. 16. Figure 5 shows that the velocity and density pro-
files of the glide trajectory combine such that the maximum heating
rate of the glide trajectory never exceeds the maximum heat flux of
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the PHC trajectory. However, this analysisneglects the boost portion
of the trajectory, which would increase the heatload acquiredon the
gliding trajectory and increase the usable range of PHC trajectory
parameters.

Conclusions

This paper has presented a simplified heating analysis for three
types of hypersonic cruise trajectories. The approximate analysis
supports the conclusion that, for certain combinations of mean al-
titude, periodic amplitude, and average velocities, vehicles flying
PHC trajectories encounter decreased heat loads in comparison to
vehicles flying steady-state cruise trajectories. Moreover, the glide
trajectories approximated in this work exhibit the lowest heating
rates and loads.

The analysisalso shows that the reduced heating benefits, attained
by flying PHC trajectories, decrease as the periodic amplitude in-
creases. Therefore, heating considerationsmust be included in PHC
trajectory design to obtain a balance between flight performance
and heating characteristics for transatmospheric trajectories.
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