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Introduction

When a rocket travels through the air, the surface parts get heated by ”the friction with the air”. In a
naivistic view, the air molecules may be thought of as small particles that hits the rocket
unelastically, whereby the particle kinetic energy is converted to heat. This naivistic description is
may help the intuitive understanding of aerodynamic heating, but it is not in any way a realistic
model of the real phenomena for three reasons:

1. The air flows around the rocket, and the temperature of the airflow depends on local
conditions. The surface of the rocket does not reach a temperature, but rather a temperature
distribution.

2. The aerodynamic heating does not really originate from friction, but rather from heat
transfer from the heated airflow to the rocket body surface, and this heat transfer from the
airflow to the surface of the rocket is not perfect.

3. The surface heating is a dynamic process, where the heat capacity of the surface introduces a
lag in the temperature of the surface with respect to that of the flow.

In the following, a simplified surface temperature calculation based on a semi empirical method, is

outlined. The method is based on [1], but extended to cover stagnation points and two dimensional
flow.
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The basic method

The skin temperature of the rocket depends on the net heat transfer into the rocket surface, and the
heat capacity of the rocket surface. Since this depends on local conditions, an exact solution of the
temperature distribution requires a full three dimensional thermodynamic calculation of vast
complexity. It is however reasonable to assume that the lateral (along the rocket body) temperature
gradient is much smaller than the transversal (through the skin) gradient. It is thus reasonable to
neglect the lateral heat flow completely. In this way the temperature at any station along the rocket
surface can be calculated independently, and these calculations can then be combined into a full
temperature profile.

Note that the description of the basic method is more or less a rewrite of the corresponding
description in [1].

Heat balance

The heat flux (energy pr. unit area pr. unit time) from the surrounding air into the skin of the rocket
body may be expressed as:

Q1:h(TB_TS)

Where T is the temperature of the boundary layer and Ts is the temperature of the surface of the
rocket. The heat transfer coefficient h has been determined experimentally by Eber [2].

It is assumed that Q; is the dominant contributor of heat flow into the skin and other sources are
therefore neglected.

The rocket looses some heat however due to radiation. The radiation loss may be expressed as:
0,=eo T’
where 6 = 5.67*10® W/m*/K*is the Stefan-Boltzmann constant and € is the emissivity of the skin.

During a time interval dt, the heat balance for the skin temperature can be written as:
GdT=di(Q,-0,)=
dT g

G?+hTS+EGTS4:hTB

Where G is the ”skin heating capacity” [J/m*K], the product of the specific heat of the skin
material, the density of the skin material and the thickness of the material:

G=cpt

For an object that flies at constant velocity, the term d7 ¢/dt=>0 over time, and the skin reaches an
equilibrium temperature determined by:

hTg ,+eoTg A=hT ;=

4
= eoTsyeq

(TB_TS,eq)

S ,eq
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Boundary layer temperature

When the flow is isentropically brought to rest, the temperature of the flow will be the so called
stagnation temperature. This mimics the situation at the nose cone apex, as for the rest of the rocket
body, the flow will be brought partially to rest by means of skin friction, and the boundary layer
temperature will be somewhat lower than the stagnation temperature.

The stagnation temperature (also known as the total temperature) Ty, relates to the free stream
temperature Ty and velocity Vi in the following way:

2

Vs
Tsz:T/s"'
2C,

assuming that the specific heat capacity at constant pressure - C,, - is independent of temperature. As
this is not entirely true, a slight correction may be necessary at high velocities.
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The boundary layer temperature relates to the stagnation temperature in the following way (by
definition):

TB_Tfs

K=—t &5
T,-T,

K is known as the temperature recovery factor. K was experimentally determined by Eber [2] for
conical bodies. Eber found that for cones with vertex angles of 20 — 50 degrees, a value of K=0.89
may be used over the entire velocity range. The boundary layer temperature rise may then be
expressed as:

4 fsz)

2C,

Eber empirically modeled the heat transfer as:
h=(0.0071+0.0154p) %R“

Here, k is the thermal conductivity of air, [ is a characteristic length - defined by Eber as the length
of the cone, R is the Reynolds number and [ is the vertex angle of the cone (in radians).

Substituting for the Reynolds number yields:
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h:(0.0071+O.0154\/E)L(pﬁuﬂ)o.8%
’ uw

10.2

where | is the dynamic viscosity of air.

Composite skin temperature profile

The simplified method may be used to calculate the skin temperature at several stations of a nose
cone, then combining them to a full temperature profile. This is straightforward, assuming that each
station is located an a cone surface that tangentiates the nose cone at the station. The only question
is which reference length to use. According to [1], there is no general consensus of what [ is, and
sometime half the length of the cone is used.

For composite temperature calculations, the somewhat conservative approach of using the surface
length of the tangent cone, from its projected apex to the station of interest will be suggested for I as
suggested in [3].

Limitations of the method

There are several limitations of this method. The applicable altitudes may not exceed 130000 ft (43
km). Changes in the atmosphere properties may be significant at higher altitudes, but as py then
decays rapidly, extrapolation to higher altitudes may be justified.

Also the method is based on measurements within a limited range of Reynolds numbers (2*10° -
2*10°), and extrapolation outside this range may be required during application of this method.

The emissivity € is 1 for a black body, but the value for real rocket skin may not be known. In [1],
avalue of €=0.4 isassumed, but it is also noted that radiation losses are small compared to the
aerodynamic heating and the use of a fixed € is justified, even if the value is not fully correct.

Furthermore, the method implicitly assumes that the heat conduction within the skin material is
instant, so that the temperature may be considered uniform within the skin. Although the heat
conduction may be much better for solid materials — and especially for metals - than for gases, the
difference may not be so prominent for composite materials. This may drive the need for
introducing a purely empirical ”shortening factor” basing the calculation on a virtual skin thickness,
smaller than the real skin thickness. For good conducting materials like aluminum, the ”shortening
factor” may be almost 1, but for composite materials, a smaller value may be required. This leads to
another problem: Composite materials will start to ablate when exposed to high temperatures. The
ablation process is often followed by charring of the material thus providing the combination of
temperature reduction, higher emissivity and higher temperature working range. Naturally, ablation
will affect the validity of the skin temperature calculations.

Finally, the outlined method does not cover the case of f->m/2 and it does not directly cover the
two dimensional flow around the fins.
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Extension of the method

The most severe restriction of the basic method is that it is limited to 20° < < 50°. Simply
extending the range down to 0°is likely to overestimate the skin temperature, while extending to
90°is likely to underestimate the skin temperature. Overestimating the skin temperature at small
values of [ is not a serious problem as this typically corresponds to a station far from the apex,
where the skin temperature is less critical. The real issue, from a designers point of view, is the
temperature of the apex region, where the flow is stagnant. In this region, one can use the stagnation
temperature as an upper bound, but this may be too conservative.

Another issue from the designers point of view is the heating of the fins, especially at the leading
edges, where the wall thickness tend to be small.

In the general case, only two things have to be determined in order to solve the aerodynamic heating
equation

dr
Gd—ls+h T+eo T *=hT,

The recovery factor K must be determined for the actual flow situation, and so must the heat
transfer coefficient. The skin capacity G has the same definition regardless of the skin is that of a
cone, a fin or a stagnation point.

Recovery factor

At the nose cone apex, the conditions must resemble that of a stagnation point, and the boundary
layer temperature T is assumed to equal stagnation temperature Ty hence K=1.

For cone angles approaching zero, the flow may be assumed to pass freely, hence the recovery must
approach zero.

Although both assumptions seem fair, they are oversimplifications. At the apex — or even in the case
of a flat plate — the air flow moves around the obstacle, and despite the ”stagnant like” conditions,
the recovery factor remains below 1. At cylindrical conditions ( p = 0°), there is still a boundary
layer with a temperature gradient. The recovery factor has some correlation with the skin friction,
and can not be assumed to be zero.

In general, the recovery factor is a function of the Reynolds number, the Mach number and the
Prandtl number of the flow situation. For air, a Prandtl number of 0.7 may be assumed as
representative, thus reducing the recovery factor to be a function only of local Mach and Reynolds
numbers.

For flow over a flat plate, corresponding to the fin of a rocket, the Mach number has very little
influence on the recovery factor, and the Reynolds only separates the cases of laminar and turbulent
flow:

K= A Pr~0.89 for turbulent flow
VPr~0.84 for laminar flow

At the fins, the flow will be turbulent in any realistic case, and a value of K=0.89 may be assumed.

The condition separating laminar or turbulent flow is:
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—pﬁL = #>106 forturbulent flow
Re, =i °
pul ul

= v < 10° for laminar flow
Where [ and v are the dynamic respectively the kinematic viscosity of the air and p is the density of
the air at the distance L from the nosecone. There is some controversy about the number 10° as
transition may occur unpredictally at any Reynolds number in that order.

For the flow around the nose cone, the story is slightly different. For small values of B and stations
far from the apex, the flat plate model may be an acceptable approximation. Ebers measurements of
recovery factors on cones show a systematic relation with 3 and a slight negligible variation with
the Mach number. Knowing that Eber made his measurements around the critical Reynolds
Number, it is interesting to see that the measurements on cones with low values of B low Mach
numbers approach K=0.84, while they approach K=0.89 at higher Mach (and Reynolds) numbers.
Since the difference is only about 5%, it is justifiable to ignore the difference between turbulent an
laminar flow and simply assume that the universal value of K=0.89 is valid for 3 < 40 deg. For
larger values of P there is a slight correction of 10% pr degree:

_[ 0.89 forp<40 deg |
0.89+0.001 (p—40deg)  forp= 40dng

1.0
A, deg
HED
- Mo z
L~ iy
X o |8 S e A —
20 —
g R O S —
11 - e
a
) L5 2.0 2.5 2.0 3.5
M :

Ebers Recovery factors for cones. From [3]

Heat transfer coefficient

The heat transfer coefficient may be determined from steady state measurements, if the boundary
layer temperature and emissivity is known.

4
eoT&m

_(TB_TS,eq)

If the radiation loss is ignored, there is no heat transfer between the skin and the flow, and the
temperature on the skin reaches the adiabatic stagnation flow temperature:
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Where M, the free stream Mach number.

The adiabatic stagnation flow temperature thus represents the upper boundary for the skin
temperature.

For rockets, the steady state conditions are unlikely to occur, and there will be a net flux of energy
between between the skin surface and air flow. The heat transfer coefficient h relates to the Nusselt
number in the following way:

_hl

ok

where the reference length [ is a representative physical dimension of the obstacle.

Nu

Compared with Ebers empirical expression for h, an empirical expression for the Nusselt number
for cones can be stated:

Nu=(0.0071+0.0154/p) R** presumably for turbulent flow
For flat plates, the Nusselt Number may be expressed as [4]

0.664 \/Eg/ﬁ ~ 0.591@ for laminar flow
0.037R"* Y Pr ~ 0.0329R*  for turbulent flow

Nu=

using the atmosphere properties at an “average” temperature of
T e =T ;+0.5(T ;,,—T ;)+0.22(T ;=T ;)

skin

The expressions for cones and flat plates follows the same expression for turbulent flow, except for
a scale factor. It may be convenient to merge the expressions into:

Nu = Nu_ﬂat plater

shape

_ 1 for flat plates
Fshape_ \/ —0.07p
0.0058p+0.13+0.12¢ for cones
The conversion factor for cones can be seen below. It is reasonable that the factor should limit at a
factor of 0.5 at low values of 3, which corresponds with Ebers model at its stated 20° lower range.

(B in degrees)

Nusselt number conversion factor from flat plate to cone

1

0.8
0.6 5 B Eber equation

|_ I
0.4 .l Gamma
0.2l
0
0 10 20 30 40 50 60 70 80 90 100
B
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Even though it is not directly mentioned, Ebers model presumably covers the case of turbulent flow
only. There is no reason to believe that the laminar flow Nusselt number model for flat plates should
not apply also for cones, and the shape conversion should therefore apply for both flow regimes.

For the nose cone apex, the shape may be approximated with a sphere of diameter D. Here the
stream conditions are considered to be subsonic, even in supersonic flow, as the flow will be
subsonic behind the normal shock wave. The heat transfer coefficient may be expressed as [5]:

k, Nu
h=—2 e
\/Vsk \/Resk
Where

u
c=3 50[1—0.252 M,*—-0.0175 M ,* For a sphere of diameter D

"y
C=2+2 BO For a wire of diameter D in cross flow

v is the kinematic viscosity of air

U, is the free stream velocity [m/s]

k is the thermal conductivity of air

M is the free stream Mach number if < 1. Otherwise it is the Mach number behind a normal shock.

Index sk indicates that properties are calculated at the skin wall temperature.

Nu
The propert — | is derived from charts in reference [5]:
p p y R esk
[ N [ B TS B TS 2- [ P 10.4
L 1=0.464+6.86-102 =% |-8.54-107°| =% | || ==|  For wire in crossflow 0 < Ty /To< 2
R e TO 0 L 08 ]

= 5

— For sphere 0 < Ty /To< 2
0 10.8 ]

o

i . .
= O.64O+6.67-102(—“)_8,17.1()3(_%) P
r T

- ReSk-

Where T, is the free stream temperature if the free stream Mach number < 1. Otherwise it is the
Temperature behind a normal shock.

Skin gradient

A drawback of the original method is that it is primarily aimed at metallic skin materials with good
thermal conduction, justifying the assumption that the calculated skin temperature is present along

the entire wall thickness of the skin. For composite materials, this assumption may not hold, due to
the poorer heat conduction of the material. The method can be improved by allowing a temperature
gradient within the skin.

If the exterior side of the skin is at a temperature of Ts and the interior side of the skin is at a
temperature of T; then there is an internal heat flux within the skin of

0,="(Ts-T)
The heat flux into the skin is
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Q:QI_QZNQ1:h<TB_TS)
The assumption of uniform skin temperature is reasonable when the interior heat transfer” is much
better than the heat transfer from the boundary layer to the skin:

Ao

ht

Now, assume that some amount of heat has entered the skin material. The has caused a temperature
rise of ATs at exterior side of the skin and of AT; at the interior side of the skin. The skin
temperature calculation assumes uniform temperature however, and will result in a value of
AT+AT;, ATy
2 2
It is clear, that if the calculation of A T s had been done with half the wall thickness (or half
thermal mass), it would reach the double value — or in general:
AT
298

This means that AT,=AT when

AA]wS: (1+x1:)

F=01AT = (1+x,)

o_(1+x)
2

Aplying this ”shortening factor” & to the wall thickness T will compensate for a non uniform
temperature distribution within the skin. It can be seen that d =1 corresponds to the case of uniform
temperature distribution while d =1/2 corresponds to the case of very poor heat conduction.

On this basis, the use of a purely empirical shortening factor is suggested:
—r

6 _ 2 —e ht
2
Ablation

A simple ablation model can be added, by assuming that ablation happens at a known and constant
temperature, Taae [K], and at a known and constant heat of ablation Hapiae [J/kg]. Furthermore it is
assumed that ablation does not affect the boundary layer in any way.

In this case, the skin temperature does not exceed the ablation temperature, and at the ablation
temperature all the heat flux into the skin is spent evaporating the material. As such, the wall
thickness T will reduce while the skin temperature is larger than the ablation temperature:

dT
—=0forT =T

ablate

dt
ablate p E

dT ¢
G— =h(T,—Ts)—ecT *+H with
:OforTS<Tahlate

at
dt

It follows that
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g WT,—Ts)—eoTg*

E: _Hub/utep
0 for T¢<T

forT =T (T ,—Ts)—ecT *>0

ablate ,

h(T,—Tg)—ecT%<0

ablate’

Charring may be modeled by setting e€=1
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Appendix

Atmosphere parameters

The local speed of sound may be expressed as:

c:qfﬁ: YRT  ¢or an ideal gas
p M

y is the adiabatic index = 1.4 for an ideal gas

p is the local density of air

P is the local pressure

T is the local absolute temperature

M is the molar mass of the air = 0.0289645 kg/mol
R is the universal gas constant = 8.3145 J/mol/K

If the speed of sound c. is known at some reference temperature T\ then this can be used to
calculate c at temperature T:

T
ref

Then Mach number is the velocity of the flow divided by the speed of sound:
mM=4
¢

The following properties have been curve fitted from tabulated values of reference [6].

Air density versus temperature

® Tabulated
15 —— Model

Air density [kg/m3]
(N

0 500 1000 1500 2000 2500 3000

Temperature [K]

(T)=@—M 100 K <T <2500 K

T T
C,(T)=1030—0.24T+6.85-10 *2—4.33-10 'T°+9.45-10""'T* 100 K <T <2500 K

‘Author: Hans Olaf Toft Page 12



Air Cp versus temperature

2000

1500

1000 ® Tabulated
—— Model

Air Cp [ J/kg/K]

500

0 500 1000 1500 2000 2500 3000

Temperature [K]

w(7)=—1.00-10 °—1.47-10°T+1.68-10 YT 100 K<T <2500 K

Air dynamic viscosity versus temperature

8.00E-005
7.00E-005
6.00E-005
5.00E-005
4.00E-005
3.00E-005
2.00E-005
1.00E-005

0.00E+000
0 500 1000 1500 2000 2500 3000

® Tabulated
—— Model

Air dynamic viscosity [kg/s/m]

Temperature [K]

v(T)=-7.24-10 °+5.30:10 °T+7.95-10 "' 72—-8.07-10 " 7% 100 K<T <2500 K

ﬁ Air kinematic viscosity versus temperature
>
2 6.00E-004
[&]
2 5.00E-004
£ 4.00E-004
GE’ 3.00E-004 ® Tabulated
= - —— Model
% 2.00E-004
1.00E-004
0.00E+000

0 500 1000 1500 2000 2500 3000

Temperature [K]
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k(T)=—129-10 242.43-10°7—3.39-10°72+1.88-10°VT 100K <T <2500 K

Air k versus temperature

1.40E-001

1.20E-001

1.00E-001

8.00E-002 ® Tabulated
6.00E-002 — Model
4.00E-002

2.00E-002

0.00E+000

0 500 1000 1500 2000 2500 3000

Temperature [K]

Air k [J/s/m/K]

Pr(T)=0815-531-10"*7T+7.13-107'72—3.69-10 ' T°+7.10-10 " 7* 100K <T <2500 K

Air Prandtl Number versus temperature

1.20E+000
1.00E+000
8.00E-001 W‘/
6.00E-001 @® Tabulated
a ’ —— Model
= 4.00E-001
2.00E-001
0.00E+000
0 500 1000 1500 2000 2500 3000
Temperature [K]
The air temperature T [K] versus altitude s [m] is curve fitted from [7]:
287.954—5.03015-10 5 —1.2859-10 " s? 0m <s<10.0km
225.15 10km<s<23km
T[s]={242.057—2.33854-10 > s+7.08133-10 " 52 23km<s<42km
—534.104+3.95468-10 >5—6.0177-10 ' s2+2.71838-10 5?3 42km<s<81.5km
867.12—9.78603-10 > 5—5.75164-10 *s2+8.81316-10 " 57 81.5km < s<120km
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Air temperature versus altitude

450
400
350
300
250
200
150
100

50

Temperature [K]

0 20000 40000 60000 80000 100000 120000 140000
Altitude ASL [m]

The free stream Mach velocity c [m/s] versus altitude s [m] is curve fitted from [7]:
340.234—3.05528-10 " 5—6.35237-10 *5?—2.91745-10 " 5 Om<s<10km
300.8 10km <s<23km
c[s]={ —97.435+5.121-10 25—2.469-10 ° 57 +5.269-10 " s3— 4.089-10 's*  23km<s<42km
287.23—6.725-10 s+4.103-10 ' 57— 6.824-10 " s3+3.371-10 " s* 42km<s <82km
—8698.8+3.91cdot 10~ s—6.29-10 °s?+4.41cdot 10" s —1.13-10 °s* 82km <s<120km

Mach velocity versus altitude

450
400
350
300
250
200
150
100

50

Mach velocity [m/s]

0 20000 40000 60000 80000 100000 120000 140000
Altitude ASL [m]
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The air pressure P [mBar] versus altitude s [m] is curve fitted from [7]

exp(4.43165-107“ 57 —2.28553-10 52 —1.14097-10 " 5s+6.91509 ) 0m<s<25km
Ps]=lexp(—2.28179-10""* s3+3.34063-10™° 57— 2.84655-10* s+8.73033) 25km<s <75km
exp(4.44813-107*53—1.13434-10 " 52+7.62651-10 *s—15.5981) 75km<s<120km

Air Pressure versus altitude

1.00E+004
1.00E+003
1.00E+002
1.00E+001
1.00E+000
1.00E-001
1.00E-002
1.00E-003
1.00E-004
1.00E-005
0 50000 100000 150000

Altitude ASL [m]

Air Pressure [mBar]

The air density p [kg/m?] versus altitude s [m] is curve fitted from [7]

exp(4.88158-10 54 —1.808-10" " s°+2.432-10 "' §2—9.693-10 "s+0.1922)  Om<s<25km
pls]={exp(—6.034-10"+1.035-10"°=5.746-10° 52 —2.21-10 55— 0.396) 25km<s<75km
exp(—1.004-107" s#+4.440-10 "s*—7.137-10 *52+4.773-10 °5—121.84) 75km<s<120km

Air density versus altitude

1.00E+001
1.00E+000
1.00E-001
1.00E-002
1.00E-003
1.00E-004
1.00E-005
1.00E-006
1.00E-007
1.00E-008
0 50000 100000 150000

Altitude ASL [m]

Air density[kg/m?]
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Properties behind a normal shock

The atmosphere properties behind a normal shock relates to the free stream values in the following
way:

P, 2yM’—(y—1
o LV y=1) Static pressure
Pﬁ y+1
T, [2yMi—(y=1)]l(y=1)M,>+2] .
T, = (y+1 )2 M, Static temperature
Po _ (y+1)Mﬁ2 )
Ps— (y—l)Mﬁ2+2 Density
P, <y+1)va2 y-1 (Y"’l) ﬁ

= = Total pressure
P, |(y=1)M 2+2|  |2yM>~(y—1) P
TtO _
—=1 Total temperature
thfs‘

—1)M>+2

M,= y=1) £ Mach number

STy M,y 1)
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