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Cooling of Aerospace Plane Using Liquid
Hydrogen and Methane

Ahmed Z. Al-Garni,* Ahmet Z. Sahin,t Bekir S. Yilbag,i and Saad A. Ahmedf}
King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia

This work studies the active cooling for aerospace plane, using liquid hydrogen and liquid methane. The
ascending optimized trajectory to minimize the heat load in the hypersonic part is used to perform the study.
The study includes the cooling for the stagnation point, the leading edges for wings and engine and other parts
of the aerospace plane that are close to the leading edges. Laminar flow for the stagnation point and both
laminar and turbulent flow for the leading-edge heating have been considered. The amount of heat rate (total,
radiative, and convective) and the mass of liquid coolant needed for cooling are calculated. A design of minimum
inlet-outlet areas for the amount of liquid needed for cooling is made with the consideration of the coolant’s
physical constraints in liquid and gaseous states. The study shows that the ratio of masses of coolant to the
initial total mass (initial total mass of the vehicle including fuel and coolant masses) are in the limit of the
reachable range, which requires about 20% or less of initial total mass for cooling in the worst case. Comparison
of liquid hydrogen and liquid methane shows that liquid hydrogen is a clearly superior candidate for coolant
and it saves 10% of the initial total mass as compared to methane. The study shows that there are no fundamental
barriers for the cooling system of the vehicle in terms of its coolant mass and area size for coolant passage.

Nomenclature
area, m?
speed of sound, m/s
drag coefficient
lift coefficient
specific heat at constant pressure at about
288.15 K and 1 atm, J/kg-K
heat constant, its units depend on the value
of N" and M’ in the heat rate equation
specific heat at constant volume at about
288.15 K and 1 atm, J/kg-K
drag, N
width, m
acceleration due to gravity, m/s>
geometric altitude, (r — r,), km
heat of vaporization at boiling point, J/kg
total enthalpy, J/kg
enthalpy at wall, J/kg
specific impulse, s
lift, N
length, m
Mach number
number that represents the exponent of the
velocity in the heat rate equation
total mass of the vehicle including fuel and
coolant masses at any time, kg
number that represents the exponent of the
density in the heat rate equation
heat rate per unit area, W/cm?
radius, m
gas constant at about 288.15 K and | atm,
Jkg K
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Subscripts
c

cl

E

Ele

fl

Reynolds number

vehicle position vector from earth center, m
temperature, K

coolant gas temperature at outlet of coolant
path, a temperature higher than the boiling
points temperature at 1 atm, K

coolant liquid temperature at inlet of coolant
path at about melting point and 1 atm, K
wall temperature of the heating area without
active cooling, K

wall temperature of about maximum
radiation, 1500 K, K

time, s

velocity of the vehicle, m/s

distance measured along the body surface
from the body centerline, 4.0, m

X for turbulent boundary layer, 4.0, m
reciprocal of the scale height, =0.000147, 1/m
flight-path angle of the vehicle, rad

ratio of specific heat at constant pressure-to-
specific heat at constant volume, at about
288-293 K and 1 atm, C,/C,

surface emissivity for the material, 0.8
longitudinal position of the vehicle, rad
kinematic viscosity at about boiling point,
m?/s

atmospheric air density as function of altitude,
kg/m?

coolant gas density, a density higher than the
boiling point density at 1 atm, kg/m?

coolant liquid density at about boiling point
and 1 atm, kg/m?

Stefan-Boltzmann constant, 5.67 X 10-8,
W/m? K*

local body angle with respect to freestream,
45 deg

convected

coolant

engine

engine leading edge
fuel
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G = gas at outlet

h = heat

i = prefix for three cases, stagnation point,
leading edges, and other parts

L = liquid at inlet

le = leading edge

max = maximum

max, rad = maximum radiation

min = minimum

min, il = minimum inlet

min, ol = minimum outlet

ot = other parts

radn = radiation

s = standard sea level

sp = stagnation point

T = turbulent

t = total, radiative plus convected

tl = total, stagnation point, leading edges, and
other parts

w = wing

w = wall

Wr = maximum wall radiation

0 = initial at earth surface

% = freestream

Introduction

N this era, attention is being focused more and more upon

hypersonic passenger aerospace planes in order to travel
in space and reduce long distance flight times. However, dur-
ing its flight through the atmosphere, such a vehicle will en-
counter high aerodynamic heating rates, which in turn pro-
duce high surface temperatures. Therefore, it will require an
active cooling system for the stagnation point, leading edges,
and some other parts of the wings-engine.

Tauber and Menees' have shown that the heat load of the
stagnation point for the aerospace plane during ascent is about
10 times greater than the heating load of the Space Shuttle
re-entry. The corresponding temperatures for such a high
heating load vary from 3200 to 3800 K, which are far beyond
the radiative cooling capabilities of existing, nonablating, heat
shield materials. They have also indicated that the leading
edge experienced high heating load with wall temperatures
of 2250-2700 K. This shows that both the stagnation point
and the wing leading edge may require some active cooling.
However, the areas of the vehicle that require active cooling
may be relatively small, and the radiative cooling should be
effective over large areas of the aerospace plane.

Since severe heating occurs during ascent in the hypersonic
flight, it poses major challenges for the cooling system design.
Krause et al.>* studied active thermal control for hypersonic
vehicles. They presented a design and evaluation of a thermal
control system that provided cooling by controlling the fuel
flow through a network of heat exchangers. The study shows
that efficient use of fuel cooling throughout the vehicles op-
erating envelope requires modulating the flow paths within
the network as the flight conditions change. Reich et al.*
studied a thermal protection system (TPS) for hypersonic ve-
hicles, which was required in order to limit the heat transfer
into the central fuselage of liquid fuel. The study demonstrates
that microporous and multiwall insulations are efficient,
therefore, lightweight and reliable TPSs for future hypersonic
vehicles can be designed. Rainey and Veziroglu® studied and
compared the two cryogenic fuel candidates for a hypersonic
vehicle: 1) liquid hydrogen and 2) liquid methane. The results
show that the hydrogen-fueled hypersonic vehicle is superior
to the methane-fueled one for long range of flight. In addition,
the study shows that hydrogen is a safer fuel than methane.

In the present study, an active cooling computation is per-
formed, which compares the amount of coolant mass needed
with respect to the total mass and the amount of fuel mass
needed through the envelope of the ascending trajectory in

AEROSPACE PLANE

the hypersonic region. The study considers the amount of
coolant, which is required for cooling the stagnation point
region, leading edges of wing-engine, and other parts of larger
area around the leading edges for an extreme case study. The
study includes laminar flow over the stagnation point, laminar
and turbulent flow over the leading edges, and other parts.
The study also compares two candidates for cooling, namely
liquid hydrogen and liquid methane. A model that consists
of the ascending trajectory equations of motion is used in this
study, which is similar to the one used by Vinh.® The trajectory
used for this study is the same as the one presented by Al-
Garni and Barlow (Refs. 7 and 8), which minimizes the heat
load on the aerospace plane. Apparently, no unclassified stud-
ies have been performed in this specific area with the above
stated conditions of flight. Therefore, contributions in this
area are very much needed.

Model Equations

The vehicle is modeled as a point variable mass with par-
abolic drag polar and variable lift and thrust as described in
the previous study.” The earth is assumed spherical, nonro-
tating with an exponential atmosphere. The trajectory is taken
in the equatorial plane. With the above assumptions, the
equations that describe the ascending hypersonic trajectory
have the following form:

g—: = Vsin vy (1)

% = ~pBV sin vy 2

(L_.‘t/ = Q%D—’l — gsiny 3
V%:%—gcosyﬁ-VTZCOSY (4)
dﬁ?‘ B ’(IspTéa ®

: oo (6)

where the heat coefficient C,, N', and M’ found in Refs. 1
and 9 are as follows:

For a stagnation point; N'= 0.5, M' =
Co = 1.83 X 107*R;*9[1 — (h,/h,)] (62)
For leading edges and other parts;
if treated as laminar flat plate; N’ = 0.5, M' = 3.2
Cy, = 2.53 X 107°(cos ¢)">(sin ¢)X"[1 ~ (h,/h,)] (6b)
if treated as turbulent flat piate
for V, = 3962, N' = 0.8, M’ = 3.37
C, = 3.89 X 107%(cos ¢)"#(sin ¢)' X 02
x (T,./556)[1 — 1.11(h,/h,)] (6¢)
for V, > 3962, N' = 0.8, M’ = 3.7
C, = 2.2 X 107 °(cos ¢)>"(sin ¢)!°X 792
X [1 = 1.11(h,/h,)] (6d)
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Table 1 Input data'®-*3

'

v pL 2 Y R’

Coolant h,. C, T,
H, 451,900 14,200 14.01
CH, 577,400 2,253.7 90.67

1.5714 x 1077 70 1.329 1.41 4127
3.686 x 1077 424 1.8004 1.31 518.35

nterliné
_Cente™=

Two Wings

Four Sides of Engine

Leadingvedge: Other parts: Leading edge:  Other pars:
Half cylinder of Rectangular on outer  Half cylinder of Rectangular on upper
R=0.1 mand and inner surface of R=01mand and lower surface of

total length=40m width R=0.1 m and
total length = 2(12+8)
=40 m.

length=50m  width R =0.1 m and

length =50 m

One set of coolant inlet/outlet area
D=2R

/ D=2R  \

Outlet area Total thickness
Inler area Heated\ . 4R4+0.04
Area =0.44m

U-Shape pipe of area = 7R2, where R=0.1m

Fig. 1 Aerospace plane and its cooling system.

taking ¢ = 45 deg (this gives the extreme value of heat gen-
eration), X = X; = 4.0 m from the centerline (4,/h,) = 0.1,
and T,,, = 1500 K. Note that we add the above six equations
[Egs. (1-6)] to the mass rate of coolant, Eq. (12) to complete
the system of equations to be integrated.

The wall temperature

T. = (Q/e0)"> 7

where ¢ = 0.8 and o = 5.67 X 10°%.

Considering that
if T, =< 1500 K, then all the heat will be radiated, i.e., 0.
=0,

if T, > 1500 K, then
(Qc)i = (Qr)i - Q.mux.rud (8)

where Q.. o = 23 is the maximum radiation at T,, = 1500
K and i represents three cases: 1) the stagnation point, 2) the
leading edges, and 3) other parts. Note that Q. is the same
for leading edges and other parts.

In the heated area (A,);, in Fig. 1, where i represents the
three cases defined as follows:

1) For the stagnation point, the heated area is taken as half
the area of the sphere with radius R,,. This gives

(Ah)sp = 27TR;2p (9)

where R, (= 0.1 m) is the radius of the sphere.

0 2 N L . L
0 5 10 15 20 25 30

b) Mo
Fig. 2 a) k and Re.. vs M., and b) (Q),, vs M...

Laminar (Ot)le , (dt) o

20 @) Q)

5 (Qc) le’ (Qc) ot

a o0 { : . . .

Turbulent

Q) Q)

Qe Qa

(Qr) le’ (Qr) ot

0 ) L L A L
0 5 10 15 20 25 30

b) Mo,

Fig. 3 (Q). and (Q),, for a) laminar case vs M., and b) for turbulent

case vs M.

2) For the leading edge, the heated area is taken as the
surface area of a half cylinder with radius R, along the leading
edge of the two wings (2/y,.) and four engine sides (/).
This gives

(AII)|C = 7Tth(21ch + lElL‘) (10)

where /,,,. = 50 m for each wing and /., = 40 m for four
sides of the edges of the engine.

3) The heated area for other parts is considered to consist
of rectangular areas that are next to the leading edges of the
two wings and four sides of the engines. The two sides of the
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Fig. 5 (m./m,) for H,, AT = a) 1 and b) 150 vs M....

rectangular area have widths d = R, = 0.1 m and the total
length of leading edges is (2/y,. + Iz ). This gives

(Ah)m = Zd(ZIch = Ig) (11)

The coolant mass rate to cool the heated area is given by

. (Q)i(AL);
(mcl)t hey + CP(V T), (12)
where (AT) = (T;) — (T,); noting that the units of Q. by
A, should be in watts, in Eq. (12), with i representing three
cases: 1) stagnation point, 2) leading edges, and 3) other parts.
Equation (12) will be added to the first six equations of the
system, which will be integrated numerically.

To design the inlet/outlet areas for the coolant one should,
at least, get the minimum area for both from the following:

(Amini): = (1/77)[2(mcl)i/pl.VRemax]z (13)
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0.8 pp—— TR 15
o7k aminar, 2,AT =1(K)
E sk (Mg / m), = (My,/ m) - 12v
S o5t e
g e x
E 04 ~
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a) 00 0

08 Laminar, H 150 (K o
= aminar, H AT =
= 07F y ) ~ 25
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b) M.,

Fig. 6 (mg/my)g, (Mg a/my), for Hy, AT = a) 1 and b) 150 vs M....

0.25 8
Turbulent, Hz’AT =1(K) N
&
0.20 [~
. 0 46 _:5
R=1
$0.15F 5=
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ge0.10 [ 8 %s
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a) 0.00 0
005 = oulent, H.,aT =150 (K) 5
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_ (mcI/ mo)'e M/ mO)sp g
$0.03 : 9w,
Eo (my/ mo)ot -
= 0.02 -16 Xg
=Y
= =
0.01 - 73 =
0.00 ! : L . 0
0 5 10 15 20 25 30
b) Mo,

Fig. 7 (my/my). o for H,, AT = a) 1 and b) 150 vs M.,.

where for the design of the inlet area we have used the max-
imum possible Reynolds number in a pipe (Re,,,, = 3.2 X
10%, see Ref. 10) in liquid state. For the design of the outlet
area, the flow Mach number is taken as 65% of the speed of
sound for any outlet shape considering the coolant to be in a
gaseous state. This provides flow Mach numbers less than the
critical Mach number and avoids the shocks occurring in the
flow. Thus

(Anin.ot); = (M4):/p:0.65(as) (14)

where a; = Vy'R'T,. Noting that Mach number M = Via,,
where a, = 340 m/s at standard sea level.

Figure 1 shows the aerospace plane, the three types of
heated areas, and one set of the inlet/outlet areas for the
coolant. Noting that the inlet/outlet areas for coolant can be
divided into small set of areas, where each set of these consists
of U-shaped pipes with cross-sectional area = w(D/2)? with
D = 0.2 m. Furthermore, the set of areas along the wing and
the engine sides have a total length of 140 m, which can be
divided by 2D + 0.4 (pipe thickness). This in turn gives a
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total of about 318 sets of areas for leading edge and the same
for other parts. Consequently, a maximum allowable coolant
area of 9.985 m? (0.0314 m> x 318 = 9.985 m?) results for
inlet/outlet areas of leading edges and the same for the other
parts.

Input data: the aerospace plane data is taken from the early
studies’-* such that, the initial total mass m, = 454,000 kg,
total length of the vehicle = 58 m, aerodynamic reference
area of the vehicle = 860 m?, length for each wings leading
edge (considering the worst case) I,,. (=50 m), and total
length for four sides of engine leading edges, Iz, (=40 m)
(considering the worst case). The physical properties of the
coolant are taken from Refs. 11-14 and are shown in Table
1. The study considered the general trends with AT as a pa-
rameter (e.g., 1 and 150 K), where T; = T, + AT.

Results and Discussions

Results obtained from the study are for the two coolants:
1) liquid hydrogen and 2) liquid methane, for laminar and

1.2

Turbulent, H2, AT=1(K)

-
[+
I

/
'
o
o
1

o
o
T

My oo

0.0 1 1 ) "
0 5 10 15 20 25 30

b) M
Fig. 8 (Mg, aq.a/Mody for Hy, AT = a) 1 and b) 150 vs M...

| Laminar, CH4, AT =1(K)

(mg/ mo)s

(my/ mo)o—( -—

Laminar, CH4, AT =150 (K)
o (my/ mo)sp

(my/ Mg

~-

(my/ mo)Ie

2 It 1 L

0 5 10 15 20 25 30
b) Mo

Fig. 9 (my/m,) for CH,, AT = a) 1 and b) 150 vs M...

AEROSPACE PLANE 543

turbulent flow and for the temperature gradient of AT = 1
and 150 K.The results are shown in Figs. 2—18 for the tra-
jectory /1, Reynolds number Re.., total heat rate Q,, convected
heat rate Q,, radiative heat rate Q,, wall temperature T,
mass ratio of coolant and fuel plus coolant with respect to
initial total mass m/m, and m,, ,/m,, and minimum areas
required for inlet A;, and outlet A, of coolant mass flow for
different flow conditions and temperature change AT. This is
carried out for the stagnation point, leading edges, and other
parts. )

The general results show that turbulent flow generates more
heat rate and load than laminar flow, hence, it requires more
coolant mass and larger inlet/outlet area for coolant passage
than that for laminar flow. The increase in the parameter AT
reduces the required mass of coolant and the coolant inlet/
outlet areas. The comparison of hydrogen and methane shows
hydrogen gives better results than methane as a coolant.

The change in temperature AT is taken to be a parameter.
Two situations have been studied: 1) AT (=1 K) and 2) AT
(=150 K). The first situation with AT (=1 K) is not practical,
because the temperature of the coolant will have sufficient
time to reach much higher temperatures when it contacts the

0.8 1.2
07 Laminar, CH4, AT =1 (K)
06
£ 05
5 04
£ 03
02
(AN
a) 00

—11.0

4

(my / mo)n = (mﬂH:I/

—10.8
—10.6

—10.4

(mm/ mo)"x 10

0.8
0.7
06
05
041
03
02
0.1
0.0

Laminar, CH4 , AT =150 (K)

4

(mﬂ/ mo)u = (mll+cl

(mﬂ+cI/ r'no)tl
(mcl/mo)“x 10

i 1 1 !

0 5 10 15 20 25
b) M..

Fig. 10 (mg,,/m,) for CH,, AT = a) 1 and b) 150 vs M...

[~ |
o =~ v W & O O N @

0.20 6
Turbuient, CH, , AT =1 (K ) i §
5015 (me/ my) E
,_}’- (mcI/ mo)l 4=
2 -
o
EE 040}~ Mo/ Mo {5 -
14 4, _#
0.05 |- E
e
a) 0.00 . . 0
0.15 WD 3.5
Turbulent, CH,, AT =150 (K) = ® .-
4 30 ¢
5012} g
$ 25=
E 009 o0 ©
£ i
= 006 15 g
—1.0 E
0.03} 5
o5 E
0.00 ! : * : 0.0
0 5 10 15 20 25 30
b) M,

Fig. 11 (m,/my),. ., for CH,, AT = a) 1 and b) 150 vs M.,.
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Turbulent, CH4 ,AT =1 (K)
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Fig. 12 (mg. on.a/me)a for CH,, AT = a) 1 and b) 150 vs M....
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Fig. 13 (Ay)p, (Ay), for Hy, AT = a) 1 and b) 150 vs M..

heated area, which has a very high temperature. The reason
for introducing the first case is to show the effect of the change
in temperature, which is an important parameter affecting the
results. The second situation with AT (=150 K) is more re-
alistic, where the temperature of the coolant will come closer
to room temperature (i.e., close to 300 K). The results of this
case are more practically viable and, hence, taken seriously.
The results of higher temperature changes (e.g., AT = 200
K) can be deduced by looking to the two cases of AT (=1
and 150 K}, which give a general trend.

The important results are obtained for mass ratios (both
coolant and fuel) with respect to initial total mass for the
stagnation point, leading edges, and other parts as shown in
Figs. 5-12. The worst case of turbulent flow using high AT
(=150 K) needs a total coolant mass for liquid methane more
than 20% of the initial total mass m,. If we add to this the
fuel mass (which has been calculated in Refs. 7 and 8, we
need more than 90% of the initial total mass, which will leave
less than 10% of initial total mass as payload and vehicle mass
without fuel and coolant (see Fig. 12). In a similar situation

AEROSPACE PLANE
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Fig. 15 (A (Ao for H, and CH,, AT = a) 1 and b) 150 laminar
cases vs M.

if liquid hydrogen is used, less than 10% of the initial total
mass is needed as coolant, which will consequently leave more
than 20% of initial total mass as mass of aerospace plane and
its payload without fuel and coolant (see Fig. 8). This shows
that liquid hydrogen is cleaily a better coolant compared to
liquid methane since there is a difference in final mass of
more than 10% of the initial total mass m,,.

The areas required for coolant are shown in Figs. 13-18.
The following general trends are observed:

1) The area related to coolant inlet/outlet is directly pro-
portional to the mass rate of coolant, which in turn is inversely
proportional to the change in temperature AT.

2) The inlet area is smaller than the outlet area. For the
same mass rate of the coolant at inlet/outlet, the areas will
be inversely proportional to density, noting that the density
of the liquid at the inlet is larger than the density of the gas
at the outlet. This observation is true for all cases except for
hydrogen, turbulent flow, because the ratio of (wi,/p.)* >
(Malpe)-



AL-GARNI ET AL.:
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3) For a small change in temperature AT (=1 K) the areas
at inlet and outlet are larger for liquid hydrogen than that for
liquid methane. This is due to the fact that hydrogen has a
lower density than methane at the inlet and outlet and because
the area is inversely propertional to the density. This shows
some advantage of liquid methane over liquid hydrogen, but
this is not strictly true when we consider a large temperature
gradient AT (more realistic), which will be discussed next.

4) For a large gradient of temperature AT (=150 K) the
inlet areas for hydrogen are larger than that for liquid meth-
ane. This is due to the fact that the liquid hydrogen density
is lower than that for liquid methane, in spite of the fact that
the mass flow of hydrogen is less than methane. This is due
to the fact that the difference in mass flow is less than the
difference in liquid density between the two coolants. This
advantage of methane over hydrogen becomes less important,
since for turbulent flow (the worst case), we have the leading
edges inlet area of 0.9 m? for liquid hydrogen, which is small
enough and will not cause any serious problem, whereas for
methane we need a corresponding area of 0.01 m2, which is
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very small indeed (see Fig. 16). At the outlet we have a smaller
area for hydrogen than methane. This is due to the fact that
the mass flow rate required for methane is larger than that
required for hydrogen, and also because the difference in mass
flow is more than the difference in densities at gaseous state
of the coolants, this shows an advantage of hydrogen over
methane.

The general results show that there is no fundamental prob-
lem in cooling the aerospace plane in terms of mass of coolant
required and also in terms of the areas needed for coolant
mass flow passage. Liquid hydrogen proves to be a clearly
superior choice over liquid methane as a coolant, especially
if considering the mass required for cooling. Liquid hydrogen
will save more than 10% of the initial total mass m, compared
to methane.

Conclusions

The study compares two coolants for an aerospace plane:
1) liquid hydrogen and 2) liquid methane. It is found from
this study that their is no fundamental problem occurring in
cooling the aerospace plane in terms of the coolant mass
required and the areas needed for coolant mass flow passage.

The liquid hydrogen proves to be a better coolant than
liquid methane. The amount of coolant using liquid hydrogen
is less by 10% of initial mass total (for the worst case) than
that using liquid methane.
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