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ABSTRACT

In the preliminary design phase of high velocity
vehicles, quick, conservative estimates of surface tempera-
tures are always desirable. To fill i{lis n2ed, th~e equilib~
rium, adiabatic wall, and stagnation temperatures have been
determined for altitudes from sea level to 100,000 feet and
for kach numbers from 2 to 20. Data for both laminar and
turbulent flow are presented. For easy reading, tne re-
sults are presented as temperature versus Mach number plots
at altitude intervals of 10,000 feet. The only information
necessary to obtain equilibrium temperatures from this re-
port is: distance from the leading edge to the point in
question, emissivity of the suriace, Mach number, and alti-
tude.
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EQUILIBRIUN, ADIABATIC WALL, AN STAGNATION TEMY&RATURES AT
ALTITUDES TP TO 100,000 FEET AND MACH NUMBERS UP TC 20

INTRODUCTION

During preliminary design studies of high velocity
vehicles, the need often arises for estimates of maximum
teaperatures to be expected at various locations on the
vehicles. These estimates must be made without the knowl-
edge of such influencing facrs s as materials, thickresses,
and flight trajectery all of which undocubtediy rema&in to be
choser.. Computer transient temperature calculations are
inpractical because of the lack of knowledge of such factors
azd because those interested in the temperature estimates

cftsn do not have the time needed to perform the transient
calculations,

The work presented in this report is intended to pro-
vide an easily accessible capability to predict maximum tem-
peratures at various locations on vehicles flying over a
wide range of ¥ach numbers and altitudes. The results pre-
sent flat plate equilibrium, stagnation, and flat plate

adiabatic wall temperatures as functions of Mach number -and
altitude in convenient grapkical form.

Two sets of curves are presented; ope for a laminar
pruvnas~v layer and the other for a turbulent boundary layer.
Mach numbers up to 20 are considered for each 10,000 faot
altitude up to 100,000 feet, Oa ctach graph, several flat
plate eqviiibrium temperaturcs representing various ccmhina-
tions ¢¢ distance from the beginning of boundary laycr build-
up and cu:rtac~ emissivity are givean in addition to the

L



stagnation and adiabatic wall .emperatures. A discussion of
transition Revnolds number is also included to serve as a
recugh guide in choosing the appropriate set of graphs to use
for a given condition. The following discussion will de-
scribe the use of the graphs and briefly discuss the "theories
ureorn which they are based.
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DEFINITION OF EQUILIBRIUM, ADIABATIC WALL, AND
STAGNATION TEMPERATURES

Zquilabrium temperature nay be defined, in general, as
that temperature attained by an element in a constant environ-
=exnt when the heat being transferred to the element is equal
te t2at bzing lost by the zivrent. In estimating tae tempera-
tures of aerodynamic surfaces, however, the general rule is
{Cc assume a perfectly insulated surface such that no conduc~-
tion heat rraunsfer need be considered. Thus, for aerody-
canic surfaces, the eguilibrium temperature is defined to be
the texperature attained by a perfectly insulated surface
+hen the comvective heat transfer to the surface is exactly
zzianced by the radiation heat transfer away from the sur-
facs. Obviously then, the equilibrium temperatures represent
=axizuz texperatures since all of the energy received at the
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from the surface by radiation.

Since thermal capacitance of the surface material and
neat conduction irom the surface to the material beneath is
=0T 1nvolved in the computation of the equilibrium tempera-
tores, under certain conditions the equilibrium temperatures
s ~tiite conservative ecstimates of the maximum surface tem-
weratire, This would be particulariy true ifor a massive
article subjected to a given flight environmert or for a

tiesght structure heates during a relatively short flight
tinz. FPor example, the equilibrium remperature < a point
one fost Irc-. the leading edge hzving a surface emissivit_
of 0.8 and f1lying at Mach 7 and 90,000 tect is 1025°F (assum=-
g lazinar flow), This same point, if assumed <o be

)
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constructed of 0.05 inch stee’, would have a surface tempera-
ture of only 520°F after a 50 second flight. However, after
a 100 secornd flight the surface temperature would reach 820°F,
The purpose of citing this example is not to minimize the
value of the equilibrium temperatures but to help illustrate
their nmeaning, usefulness, and limitations.

The adiabatic wall temperature, sometimes referred to
S the recovery temperature, is the temperature a surface,
crfectiy insulated on its b ck side, will reach duc to con-
vective heating in the absence of radiaticn relief. This
texperature may be explained in the following way. At every
point oa a body other than the stagnation point, the air is

w

q

brought to rest by viscous effects in the boundary layer.

This results in a velocity gradient across the boundary layer.
The teaperature of tke air near the wall is increased by stag-
natiion apd by a transfer of momentum toward the wall result-
iag from the velocity gradient., In an adiabatic system no
beat is traansferred through the body itself; however, the

rise in temperature of the wall above the moving~stream tem-
perature causes conduction of heat back through the gas lay-
ers near the wall inte the bulk stream. Consequently,. the
'all assumes a temperature below the stagnation value which
crred to as the adiabatic wall temperature.

1]
n

ot =t
-~

By definition, the free stream total temperature is
.2t tezperature attained by a gas when it {7 Ytrought to
rest isentropically. In the case of supersciic flow, hnwever,
the air nust pass through a normal shock in tne area of a
stagratior int, thusz it is not brought to rest isen:v_ pi-~
cally, Since the primary interezt is in temperatures appli-
cable to flight vehicles, the stagnation values reported
nerein are total temperatures of the air behind a normal

-6 -
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shock. In this report these - .tal temperatures are called
Stagnation temperatures to distinguish them from free stream
total temperatures, As might be expected, at high velocities
the stagnation temperatures are appreciably below the free
Streanm total temperature due to the dissociation and ioniza-
tion taking place behind the normal shock. Stagnation tem-
peratures may be used to estimate the stagnation point wall
temperature, although they will obviously yield conservative
answers, Stagnation point equilibrium iizporatures would be
better estimates of the wall temperature but are beyond the
scope of this report.

-



2
|

DISCUSSION OF THEORY

Due to the presence of real gas effects, it was neces-
sary to compute the stagnation and adiabatic wall tempera-
tures on an enthalpy basis. The stagnation temperatures were
computed using the following procedure. The sizgnation en-
thalpy was computed by the equatiun.

: v
i = L
R Hs B + ng

(See Appendix A for a definition of terminology.)

; By definition:

: Al B
Therefore:
'
- l; a
Hs = H + 2gJ 1)

The procedurs used to obtain the stagnation temperatures
-as the following:

-

i. Por a given Mach ruxber and altitrde the totai
i pressure behind a normal shock for a real gas

%as determined using Ref. 1.
j 2. 7sing Eq. (1) the stagnation enthalpy was com, uted.
3. Entering the Mollier Chart tor eyuilibrium air
(Ref. 2) with the rnressure and enthalpy found in

ame
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steps 1 and 2, the Stz,nation temperature was ob-
tained.

Sirce the adiabatic wall temperatures are needed to
corpute . ue equilibraiuvm tampevitures, they were both computed
on the IBN 7034 compu 2.. The adiabatic wall \emperatures
sere conruined by fi.st “btiuing tre adiabatic wall enthal-~
Fles us!.ng the r0) oy any eacation:

"L oL .
Haw 7L 2)
anére r = recovery factor

= 0.8 for laminsr flow (Ref. 3)

*~ 0.90 for turbulest flow iHef, 2},
ke soaversion of the enthalpies 1c tsncrratures ~as performed
¢ oue srugphare of bressure, oaly. due t5 the limitation
Aneremt 1o the cumputer pProgram making the calculations. The
izfluence oI sressu e on the °nthalpy-temperature relation
54y o€ 2ppreciavi.. however, tor the range of Mach numbers
and altitudss considered nere the maximum variation from true
tenperature was less than 1: PeYr cent. Because the pressures
are less than atmospheric. the values presented are conserva-
tive: i.e., the 1empeEsrdTures presented herein are higher than
those cotainvd 451rng the actual pressure corresponding to
€ack slvitude.

w

>

Since the tern “equilibrium temperature” .s» definey
as the termperaiure reached by a perfictly tnsuisrted surface
“her lhe convective heat 1nput to the surface is exactly
balanced by 1he radiation reiief from the surface, *h% equa-~
Tion for cumputng €quilibrium temperatures is derived in
the following manner. The convective heat transfer is de-
fined 1s:

ol Ao
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q, = h:\'\xaw - T‘_) (3)
A term, h', may now be introduced which is independent of the
reference length.

h' = hxa

Therefore:

hQ
qC ‘_d A(Tau =T

)

w

The radiation heat transfer is:
s 4 +
q, = oeA (T, - Ts)

By equating qp and Qe+ the wall temperature Tw becomes the
equilibrium temperature Te. Hence:

. o 4 4
h (Taw - Te) oex (Te - Ts)

1f ex® is defined by a new term, 1, then:

4 4
h (Taw - Te) = on(Te - Tg

) (4)

An IBN 7094 computer program was written to solve Eq. (4)
£ Te' The technigue used for the solution was to guess an
initial value for Te (arbitrarily 300°R in every case) and
1terate the equation until twe successive identical values
of Te ves¢ computed. The computation of h', which iteself is
a functi: .n of Te’ was based on a referzace enthalp, scheme
and is described in Appendix B, The value of Taw was sup-
plied by Eq. (2) for either a laminar or turbulent boundary

- 10 -
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layver, while the value of the space temperatus:, Ts’ was

chosen to be O°R, Although the choice of O°R is somewhat
arbitrary, Bq. (4) is relatively insensitive to the space
temperature., The final item needed by Eq. (4) tuv compute
Te was n. For this purpcse seven differeut values of the

parameter n were chosen and supplied to the program as in-

putrs.
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DISCUSSION OF TRANSITION REYNOLDS NUMBER

Two sets of curves are presented in this roport; one
for a laminar boundary laver and the other for a turbulent
boundary layer. Consequently, the user of this report is
confronted with a choice ot which set to use for a sarticular
set of conditions. To aid in this chcice, the concept of
transition Reynolds number is now introduced.

In heat transfer computations it is common to assume
that boundary layer transition occurs at a discrete point
rather than over a finite region. Furthermore, transition
is assumed to occur when the Reynolds number (based on local
conditions at the outer edge of the boundary layer and the
distance from the leading edge of the plate) reaches some
prescribed value. This prescribed transition Reynolds num-
ber is determined experimentally by noting the onset of
transition and computing the Reynolds number at that point
fror known wind tunnel conditions., Unfortunately, however,
transition is dependent upon other factors such as surface
roughness, wind tunnel turbulence, and wall temperature in
add.tion to the local Reynclds number. The practical sig-
nificance of these additional dependencies . that =ne cannut
be certain the transition will oc~ur at the same locatinn
(i.e., distance from the leading edge) on twc different flat
vlates even toough the lucal Reynolds number is identiLxl in
poth rasex,

One is always hesitant to recommend a transition Rey-~
nolds number to use because of i1he uncertaintier just de-
scriped. Nevertheless, to make the graphs in this report

- 12 -




2 vo— f uinion ] ”

-

RO J—

more useful, a flat plate transition Reynolds number of 1,5
x 10* is suggested. This commonly used value is subject to
the shortcomings described above. It should be viewed as n

guide rather than a strict criterion.

Figure 1 has been generated to enable the users of
this report to determine whether a set of conditions chosen

are above or below the transition Reynolds number,
curve is entered with a Mach number and altitu.s

~

point described by these two variables falls below

representing %he dzsired distance from the leading edge, the
local Reynolas number exceeds 1.5 x 10° and a turi:
boundary lzver is assumed to be present. Converse:
point falls aktove the line, a laminar boundary 1la:.

assurmed to exist.
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PROCEDURE FOR USING CURVES

Assume it is desired to determine the equilibrium tem-
peratures at points 1 and 6 feet back along the surface of a
vehicle moving with a speed of Mach 8 at 100,000 feet. 1In
order to determine which set of curves t» use, i1zfor immedi-
ately to Fig. 1, The point descrined by a Mach number of 8
and an altitude of 100,000 feet can be quickly determined.
Since the point falls above the line representing x = 1 foot,
the boundary layer is laminar 1 foot from the leading edge
and Fig. 14 should be used to determine the equilibrium tem-
peratures. However, since that same point lies below the
line described by x = 6 feet, a turbulent boundary layer
exists there. Therefore, Fig. 25 should be used to determine
the equilibrium temperatures at x = 6 feet. (It is worth not-
ing that tor the Mach number and altitude ranges considered
here, the flow is always turbulent if the distance from the
beginning of boundary layer buildup is greater than approxi-
zately 4 feet.)

After the Mach number, altitude, and distance from
the leading edge have been chosen, PFigs. 14 and 25 still
canv.-_ be entered uutil a value has been chosan for ihe
surface emissivity. If no value is known, it is suggested
that the commonly used value of 0.5 be used. This is a
realist s value since attempts are always made to kXecy vrhe
surfac emissivity high in érder to increase the radiation
from the stcsiace, The parameter 7 may now he obtained from
Figs. 2 anc¢ 3. One foot behind the leading edge, where
laminar flow is present, Pig. 2 yvields a value of n equal to

T
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0.8. On the other hand six ‘.et behind the leading edge
where turbulent flow is present, Fig. 3 is used to obtain a
value of 1,15 for . For the two values of n, Figs. 14 and
25 yield equilibrium temperatures cf 1080°p and 1720°F nt
locations 1 and 6 feet back of the leading edge, respec-
tively.,

From the same two graphs, values of the stagnation
temperature and adiabatic wall temperatures can also be ob-
tained. Pigure 25 will yield a stagnation temperaiure of
4150°F which may be used as a congeriativc estimate of the
stagnation point wall temperature, Laminar and turbulent
values of the adiabatic wall temperature, 3680°F and 3920°F
respectively, can be obtained froaz Figs. 14 and 25, respec-
tively., 1If no radiation cooling were present, the tempera-
ture of perfectly insulated surfaces would rise to these
adiabatic wall temperatures.
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CONCLUDING REMARKS.

Flat plate equilibrium temperatures have b-en comnputed
as functions of Mach number, altitude, distance from the lead-
ing edge, and surface emissivity. 1In addition, stagnation
aud adiabatic wall temperatures have been determined as func-
tions of Mach number and altitude up {0 a Mach numter of 20
and an altitude of 100,000 feet. The results have been pre-
sented in convenient graphical form comprising two sets of
curves; one for a laminar boundary layer and the other for a
turbulent boundary layer. In addition, a curve is presented
based on a transition Reynolds number of 1.5 x 10', whereby,
the user of the graphs can readily determine whether, for a
given set of conditions, the laminar or turbulent boundary
layer curves should be used. It is expected that these
curves will be extremely useful during the preliminary design
phase of high velocity vehicles,

o
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APPLIED PUVENS AADORATORY
Shvw Spring. Basviend
APPENDIX A
DEFINITION OF TERMINOLOGY
A - Surface area

a, - Speed of sound based on local temperaiure
Cy < Skin friction coeffiri-~at

c - Specific heat of air at constant pressure
c - Specific heat of air at constant volume

-~ Constant equal to 32.2

- Constant equal to 778

Heat transfer coefficient

-

- Parameter equal to hxa

[-- JR - SR - S U ]
!

- Adiabatic wall enthalpy

n
]

- local enthalpy

-

- Reference enthalpy

- Stagnation enthalpy

wn

w o om m

- Thermal conductivity
= Local Mach number

Pree stream Mach number

-
- o
'

- N.isselt number
Pr -~ ranagtl number
. - Convective heating rate

q, - Radiative heating rate

*
IS Ve St re s s ik - e e




" e

g

pesewm e

T

R S S - -ttt K it o

=S
R - Gas constant .
‘x - Reynolds number based on distance from leading edge
St = Stanton number
1;‘ = Adiabatic wall temperature
TE =~ EBquilibrium temperature
TL = local temperature
1; =~ Effective temperature of space
T;t = Stagnation temperature
t' = Wall temperature
VL - local velocity
X -~ Distance from leading edge, reference length
@ - Constant, 0.5 for laminar flow, 0.2 for turbulent flow
¥ < Batio of specific heats, cp/cv
€ = Emissivity
- Parameter equal to ex”
p = Density
¢ - Stefan-Boltzmann's constant = 0.4758 x 1072 Btu/sec
£t °pe
4 -~ Viscosi<y

A-2

A .

P
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APPENDIY, B
DERIVATION OF FLAT PLATE HEAT TRANSFER COEFFICIENT

LANINAR BOUNDARY LAYER

Blasius was thc first to solve the differential equa-
tions for the incompressible laminar boundary layer on a
flat plate. He di2 this by means of mathematical transfor-
mations, which resulted in a single ordinary non-linear
differential equation which he sclved numerically. His re-
sult was:

X

From Ref. 4 the modified Reynolds analogy between sgkin- fric-
ticn and heat transfer is given by:

s, = °¢ (b)
~0.666
2Pr

Combining Eqs. (a) and (b) results in:

S = 0.332 (c)
S 0

tae Nusselt number is defined as:

. hx
Ny = " stRxPr (d)
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Nu 0.332

%T;ﬁ “x0° pp0 - 666

)
[ Substituting Bq. (c) into EqQ. ‘1) results in:
[ Nu - 0.332 g 0% p0.333
or
t b - 0.332% 803 p0.333 (e)

‘ Equation (e) was reworked for computer solution in the fel-
l lowing manne::

c
Y pr .-—k\-

i Multiplying and dividing Eq. (e) by Pr gives:
c
b ~0.33258 05 p,-0.668 —g: (1)

Using the definition of Reynolds number:

.
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{ and expressing ¢, 2s follows: f
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Equation (f) can be expressed s «:

X
Define:
h'
h =
05
Then:
b = 0.302 (V)03 (L w0066 405 ()

EQuation (h) was derived from inccmpressible flow rglations.
However, Rubensin and Johnson (Ref. 5) discovered that Eq. (h)
would be valid for compressible flow if the property gaiues,
. ¥, Pr, and 4, were introduced at some reference tenﬁéra-
ture., T', which was somewhere between the temperature ex-
tremes encountered in the boundary layer. Because of the

. high temperatures considered in this report, it was neces-

sary to use a reference enthalpy, H', rather than a reference
temperature. The equation used to obtain H' was:

o H'
-~ 1+ 0.032 ui + 0.58 (7-- 1) (1)
L L

Thus. Eqs. (h) and (i) were used to compute the h' needed
r- L. (4) in the teat.
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TURBULENT BOUNDARY LAYER

The Blasius empirical skin friction law (Ref. 6) for
turbulent flow is:

¢  0.0296
2 TL0.2 (4
X

However, Seban and Doughty (Ref. 7) concluded on ‘he hasis

of subsonic fiat plate experimestz *hat Eq. (Jj) should be
modified to:

C
f _ 00,0265 v (k)
2 5‘67%
X

Colburn (Ref. 8) concluded that the modified Reynolds
analogy of Eq. (b) was applicable to turbulent as well as
laminar flow. Therefore, combining Eqs. (b), (d), and (k)
results in:

Nu - 0.0265 ()78 prl/3

or

1/3

K g 0.8
h = 0.0265 = (R )""" Pr (1)

Renurking Eq. (1) for computer computation in ...~ sam¢ {ash-
ion as the laminar case results in the followi.g form:

h' = 0.0265 (;¥)%8 (r-Y—0 B p,=0-666 0.2

(G- K (m)

i A AR WPk <5



Bquation (m), like its laminar counterpart, was based on in-
compressible flow relations. However, it may be used for
compressible flow if the fluid properties are eveluated at

A reference temperature defined by Summer and Short (Ref. &,
Again, because of the high temperatur~ region in which some
of the values were obtained, the use of reference enthalpy
wvas made. It is defined as:

H' =~ 0.45H + .55 n,_(l + 0.064 u;') (n)

Equations (m) and (n) supplied the h' needed by Eq. (4) in
the text for the turbulent calculations.
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