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ASSTHACT

Heat transfer in bouni:ry layer flow at nigh velocities and high
temoeratares is discussed, and engineering relations for its calculaticn
are presented. 4 similar discussion is the subject of WaDC Technical
Report 5h-7u, published in 195L. Aerounuticai- and space flight
applications have, in the meantime, pushed the conditions under which
heat transfer knowledge is impcrtant to much higher velocities and
temperatures., This need for information created an intensive research
effort, whicu is refiecied in the large number of pudlications
containad in appendix Il of this report. Hy this research, the
influence of very large temperature aifterences, of dissociation and
ionization, of low densities, and of chemical reactions on heat transfer
has been well established in its general features. In addition, new
cooling methods, like transpiration, ablation, or film cocling have
been stadied. The reference enthalpy metnod, introduced in wALu IR
54~70, and well established in the meantime, is extended and generalised
in this recort to include the ad:itional effects mentioned above. This
leads to siu;ple relations by which heat transfer can be calculated with
an accuracy which shouwlc be su:'ficlent for engineering purposes. These
relations sdditionally have the advantage that moat of them are
applicable ts any gas or gas mixture; therefore, not only tc the
reentry problem but also to heat trancfer problems arising in rockets

or other propulsion systems and in other applications.
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1. INTRCLDUCTION

Klectronic computers have radically influepced the extent and kind
of analtical work which is today peiformed in connection with
engineering develomments. Analyses which a few years ago were still
considered much too tedious aand tvime-consuming can be done today in a
comparatively short time. HLowever, regardless of the tremendous help
which the rcomputers offer to engineering designe, there still exists a
definite nced for simple relations which can be used in hand calculations.
uch relations ary needed for preliminary design work, or they are alsc
useful for more extended calculations on electrunic computers if the
heat tran.fer is onl) a small part of the total program.

The purpose of the present report is to present a survey of the
f131d of heat iransfer iron gases to surfaces at high velocities and
high temperatures, situations as they occcur in aeronautic..l engineering
in the develooment of high speed vehicles like missiles and satellites
or in space flight. Jimple relationships are presented or developed
with which heat trancfer can be calculatad with an accuracy which
necessarily is limited, but which should be sufficient for normal
engineering design purposes. The discussion of the field and the
relations which will be presented are kepi general sc that they can be
applied not only t. external heat transfer on vehicles moving through
the atrosphere of owr earth, but also to other gases at other tempevzture
aad pressure conditions. in this way they can, for instance, be used to
make calculations on beat transfer in atmospheres as tnsy exist on
other planets or to heat transfer in the roszszles of rockets through

which combustion gases of various composition rre exhausted,
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Heat balances on surfaces with varicus coolinpg methods
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A similar survey wus zude ta 1954 and has been pu:blisbed under
the title "iurvey on Heat Transfer at High Speeds" as WADC TR 54-70.
The present report can te considered as an extension of this one
censidering the changes in the c¢:.nditions as they have occurred in new
engineering developrment and of advances in our knowledge reported in
the intervening years.

Hesearcn in the field of heat transfer as it is contained in this
renort has been very intensive during rccent years. ‘the Appendi; to
this report contains a collection of pertinent literature, and n’;poéhl

attempt wus made to make this listing complete and up-to-date,

2, ENEKGY BALANCES

Special cooling methods like mass transfer cooling, transpiration
cocling, or ablation cooling are frequently used in recent enginsering
applications, Farameters which :iescribe heat transfer to surfaces cooled
by such melhods, like recovery factors and heat transfer coefficients,
are defined in various t;ays in the literature. It is therefore necessary
to introduce in this chapter the purameters which will be used in this
paper. ‘The discussion will start with an energy balance on a solid
surface, and thon proceed to surfaces cooled by transpiration, film,
or ablation cooling.

Figure la indicates a solid wall with a surface w. An energy
balance can be set up for this surlace expressing the fact that the
amount of heat leaving the surlace p;r unit time on the fluid side st
be equal to the amount of heat entering the surface on the solid side.

Heat will leave on the fluid side by conduciion and by radiation. Heat

WANG TR 59-A2) 3



willownter onoti scliz side by conduction, an equalicn which states
Whis lucty rewds:

-k“g—;)vrqrmzq“:kw(—'gﬁ)u (2-1)
In this equation, k¥ indicites the heat conductivity on the gas side,
kw the heat co.ductivity of ihe solid material. T is the zas temperature,
L, the temperature of the solid wall material. QUad indicaves heat
transferrad from the wall to the surrounding by radiation, ani qQ, the
heat conducted from the intericr of the solid wall tc the surface.
y imicates the dircction normal *to the wall surface on the fluid sids
and y,; on the solid side. Beth are counted positifo in the direction
away from the surface.

The temperature which the wall surface assumes when the heat
conduction into the interior ana the put loss by raciation are both
zero, 18 called 1ts recovery temperature, T et

Ly Tl &, %dy Wen g0, q ., %0 (2-2)
i indicates the enthalpy of the gas. ''he heat flux by corxuction in
the gas to the wall surtace 1is conventionally expressed through a heat
transfer coefficient h, wnich is defined by the following equation:

Yoo = = ¢ _%lr )v =T, - T) 2h(h, - 1) (2-3)
In Reference 100 it has been demonstrated that it is advantageous to
re-define the heat transfer coefficient by referring i{ to enthalples i
instead of to temperatures. This heat transfer coefficient is denoted
by h,. In this way, simple relations which nave bwen obtained for a
ccnstant property fluid can be used to describe heat transfer with
grod accuracy if the properties of the fluid, including its specific

VADC TR S9=62L 4



heat, vary widely. muazlon (2-3; indicates the «.finitiun of the heat
transfer coefiicient referred to enthalpies on tne right hund side. The
energy halance as contained in equation (2-1) may be re-written in
enthalrses in the following way:
hi(i\: -1+ a3 {2-4)

a0 A1l now consider the ~ranspiraticn cocling grocess. Figure 1b
indicates a poroas wall through which & coolant gas is flowing. A heat
balance will again be made stating the fsct that the sam of all heat
fluxes leaving the surface w of the transpiration coolec wall wust be
equal tc the sum of tre heat fluxes travelling in the wall toward ftus

surface, Ihe rollowing equaticn describes this heat balance:

PEIR) PO S aT" o

-k (-z—;/ +ta,t e, T3 k'(-s-;-) +ncp T“ (2-5)

v 8 v
Two additional terms appear in this equaticn because a stream @ of
coolant gas contimucusly passes the wall surface w, Heat s carried
in the wall by convection toward the surface, and on the other side
heat leaves the surface by convection. The two corresponding tersms
are the last ones on both sides of equation (2-5). & is ths mass
velocity of the coclant gas, cp is its specific hsat, and ch is Ue
temperature with which the coolant gas passes the surface w. It may
be observed that the convective terms cancel on doth sides of the
equation, and that in this way the equation simplifies to:
hy (1,-1)+ q>ay (2-6)

In this equation, a heat transfer coefficient hy has been introduced to
describe the heat flow in the gas to the wall by coadnzstion. It is
important to ciress that inis definition of the heat transfer coefficient

WADG TR 55624 5



will be used in the present report. 1o he literature, the heat transfer
coefficisnt is sometimes defined to describe not only the heat flow by
conduction, but also the convective contribution cccording to the
following equation:

by (4 - 1) ='k(%§)‘* il"p Tew
It is foand, however, that the definition as used in ecuation (2-6) is
advantagecus because the heat transfer coefficient defined in this way
depends on a smaller number of parametsrs, ‘he heat flux by concuction
can again be veferred to an enthalpy difference instead of a temperature
dirference. The definition in equation (2-6) will, therefore, be uscd
in this report.

For steady state condi.ions, it is often advantageous to make a heat
balance nct for the surface of the wall but for a control volume as
indicated on the right hand side of Figure lb. A4lso indicated in this
sketch are the various heat fluxes which leave or enter the conirol
volume. One surface of this volume may coincide with the wall surface
W. Un the coclant entry side, the surface is arranged so that it
includes the boundary layer which alsc exists on this side of the wall
surfaca. In this way, no heat transport by conduction will occur through
this control surface, since it is locatec cutside the boundary layer.

The following equation states the heat balance:

hi(iv =i ‘raa* 'hcu ¥ 9 : iica (-7)
icw in this equation indicates the eathalpy of the coclant gas as it
passes the wall surface w, and ieo irdicates the enthalpy of the coolant
gas on the entry side of thie wall and outside of the boundarv layer,

Q. indicates a heat flow which may leave the control volume in a

wADC TR 59=624 6
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directicn parallel to the wall Surface w. Equation (2-7) has the
advantage that the various terms appeuring in it are relatively easily
accessible t- measu.ement.

Irn the ablation cooling process, the heat flux from the hot gac to
the wall surface is such that the wall material sublimes and is gradually
carried wvay with the gas strear. 'he surface of the wall in this way
gradualiy recedes in .he direction towards the wall interior. we
consider 2 heat balance for the interface between the sclid wall and
the gas-~this meens for the surface which gradualiy recedes into the
solia matorial, Accordirgly. a mass flow occure through this sirfece
whose magnitude per unit time and area may be A, If the enthalpy of
the sublining wall material in the gaseous state and at the temperature
of the interface is indicated by 13’ and at the same temnerature but
in the solicd state by 1‘, then the heat balance for the heat fluxes

through such a surface can be expressed by the equation:

T,
hy (i, -1;+qm+-1 Tk -ay—) (2+8)
s w

The ent,halpies 3 and i used in the definition of the heat transfer
coefficient hi will be discussed in more detail lawer on in the paper.
Tne equation can be simplified to the following form if the heat of

sublimation i _ =i - i is introduced:
g8 g s

ot
hylhy - &) Pt R, T k(g ) (2-9)

In some cases, tiie solid wall material is nnt sublimed but first melts
and then evaporztes into the gas strsam. cquation {(2-9) is still valid

for this situation if ig. is interpreted as the heat of evaporation;

WADC TR 59-62h4 7




and when the equation is used to deacribe the heat bala ce on the inter-
face between the liguid f£ilm which covers the solid wall and the gas.
‘ihe ablation process may alsr be affected by some chemical reaction
between the gas and the solid materisl. In this case, the heat released
by the chemical reacticn has to be introduced for 1‘.. This term must
also include surtace dissociation or surface recombination if it should
occur in the actual procsss.

A quasi-steady condition often occurs in an ablation process in
which the temperature of the interphase is constant and a temperature
field whick does act charge its <hape moves with econstent velocity inte
the solid material, For such a condition, it is again advantageous to
write an energy balunce for a control volume as indicated on the right
hand side of Figure lc. One surface of this control volume coincides
with the interface w of the ablating material; the other surface is
parallel to this interface but at a sufficient distance so the* the
tenperature increase occurring in the wall by conduction has not yet
reached this point. Ihe individual heat fluxes leaving this control
volume are again indicated in the figure, and it is assumed that no
heat will leave the wolume in a direction parallel to the wall surface.
The following equation then holds for this heat balance:

NGy, -1+ G+ :‘u‘ A (2~10)
iso is the enthalpy of the solid wall material at temperature To.
If the ablation process occurs as 2 melting and evaporation, and if
£ indicates the fraction of the ablated materiil which leaves the
control volume in liquid form, then the equavion deseribiig the heat

balance is:

wAD: TR 59-52h 8




< -3 3 3 . - 1. . . . . - )
hi("w xr1+qrad+[ m(ig SRR ﬁ;m(xf 1,020 (2-11

if i3 the emha™oy of the liquid material leaving the control volume.

ihe balance ecuaticns contaire: in this :ection have to be used
in ccnneciion with other relaticns, for instance, one which uescribos the
heat conshiction process in the solid material for the various engireering
calculations. A prerequisite of their use is o xrnowledge of .t.he heat

transfer coefficient ana of the recovery tenperature or enthalpy.

Their discussion s the subject of tre following chapters of this paper.

3. iHeal TiabSFoR 10 Subld SUAFACES

31. SINGLE CUHPOsT GAS

Heat transfer to a gas of high temperature is influeaced by the
fact that the gas may be pariially or complrtely dissociated or jonized,
and that the degree of dissociation changes throdghout .he wowssary
layer when the temperature of the surface expesed to the flow is different
from the temperature of the gas. Such effects ray also occur if a gas
with a relatively low tamperature flows with very high velocity over
the surface, because the gas is then heated within the boundary layer
by internal friction, and the increased temperature msy again cause
dissociation. ihe influence of such factors cn heat tramsfer will be
discussed in the next section of Lhis repcrt. 4in the present section,
suci: effects will be nsgiected. It is therefore assumed that we deal
with a si:gle component gas, and that no dissocistion or recombinztion

in the gas occurs as a consequence of locally varying temperature,

WADC TR §9-624 9




3li. ¥lat -late
Heat transfer to the -~urlace of an object exposed to a high

velocity flow de-ends ¢a the shape of this cbject as well as on the flow
field tu whizh it is exposcd, Une geometry, which has been investigated
very cxtensively because it can be treated theoretically in a simple
manner, is a situation conventionally referred to as "flat plate." We
define as a “flat plate’ situation one under wh:ch a plane surface is
exposed to a flow field with locally uniform velocity and flow directionm.
It is assumed that the flow velocity and, as a consequence, the pressure
are also constant along the outer edge of the boundary layer which exists
along the plane surtace. it is further specified that the boundary
layer is so thin that the p ¢ssure is transaitted without chunge to

the surface of the plate. :his flow condition can be set up experimen~
tally with good approximstion ir low velocity flow when the Beynolds
nusber is sufficiently high. In supersonic and hypersonic flow, the
bourdary layers are usually thicker and, as a consequence, a s.iock

wave is generated by the boundary laser ahead of the plate. As a
consequence, the velocity and pressure vary along the outer edge of the
boundary layer and alsc along the plate surface. The temperature,

which is also constant along the outer edge of the boundary layer for
"{lat piate" flow, varies locally where a shock is created by the
boundary layer. 1in the present discussion these effects will be
disregarded, and the condiiion which has been mentioned above of a
locally constant pressure and of a constant temperature or enthalpy
along “he outer edge of the boundary layer will be specified, In thise
way a standard case is created for which simple relationships describe
the heat transfer., These relations can also be used to approximate

WADC TR 57-624 10




conzitions ¢n slender cbyects in superscnic flow when the regicon near
tne leading edg: is exclucea, and when the actual welocity, pressure,
and tem.erature at the ~uter edge of itne boundary layer are invroduced.

these may be considerably different from the values in ihe free stream.

1. Constant surface Temperature. Even under the situstion

which has just been defined, heat transfer is not uniquely described,
Lt #till deverds cn the way in which the terperature cn the plate
surface varies iocalliy. In this oaragrach it will be assumed that the
surface temrerature is locaily cuemsiant, ‘he influvence of a local
variation of this tempera.ure will be discussed in the f~1lowing
paragraph.

If the fluid to wnich the plate surfzce is exposed has constant
properties (independent of r.;amperature and pressure), then heat transfer
as well as friction are described by simple relatisns which were derived
for a laminar boumaary layer a long tiwe ago, and whict hzve been
experimentally verified to a high degree in the meantime. 3Similar
relations iron experimental results have been developei for a turbulent
boundary layer. ithese relations are customarily expressed in dimension-
less parameters defined in the rollowing way. The recovery temperature
in equation (2-2) is expressed by a dimensionless parameter r called
tenperature recovery factor and defined the ollowing way:

X
- i
>

7
r
r3 i (3-1)
Cp“e / 2
n, is the velocity amd Ie the stavic temperature at ihe outer boundary
layer edge. 'he leat transfer cocefficient in sguation (2-3, is expressed

by tie dimensionless wusselt munber

TADC TR :9-62) 1
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N = -EE- (3-2)

where x is the distance from tne leading edge measured aluuyg the piate
surfaca, or alternately, by another oune called .tantva number

- (3-3)
? \.p ue -

) where Q is the density and c:p the specific heat at constani oressure

St =

of the fluid. In scme situations the shear Q which the flow exerts
at the plate surface is of interest as woll as the heat transfer. The
local shear is determined by a dimensionless parumeter cp called
friction factor:
op ® q’z (3~i)
§ug/2
For laminar flow conditions, the following relations express the

temperature recovery factor, the .ussclt muaber, Stanton number, and
friction factor:

r= Pr (3-5)
Pr is the Prandtl number of the fluid,
V3
M =0.332 (Pr)  Vhe (3-6)
P = 9-;.:‘_ is the Faynolds nuaber and j the dynamic viscosity of
the fluid,
2/3 -
St 20.332/(fr)  Yhe (3-7)
e = 0,66/ Yre {3-8)

It can be seen that the following relation exists between the Stanton
maber end the fricticn factor:
Stx Coga)en) (3+9)
For turbuleat fiow, the following relation was found from experimente

to describe the tempersature recovery factor:

WATC TR 59=62L =




rz VP (3-10)

The loesl friction factor has been desc:ibed by various analytic
exuressic .s. o simple cone is, for .nstance. the equaticn developed by

SOHUL S sed runoOw:
- )«370
(loglo" e}

2.50L (-11)

It has 3iso vesn found thai the relation between JStanton mumber and
friction factor in turbulent flow is prastical.y the same as for laminar
flow comditions, sc that equation {3-%) hLolds for turbulent flow also.
fron this velation it Zollows that the Stanton number for 2 turbulent

hourdiary layer on a flat piaie is deccribed by the following equation:

ALY
5t T hd b {3-12)
2. 2
(loglo Re) 58k {Pr) /3

Yor real gases, it has becp fourd that the rroperties are not
constint but vary with te.gsrature, he: cai, however, e considered
as indepandent of pressure us lung as excessively high oressures and
disscziation are erciuded. Under Lhis coniition, and as long as the
specifric Yeal cp can be considered constaat, it has been established
in refercnee 110 that the relatlonc jiven in the preceeding paragraphs
for « ecastant property fluid still describe the nctual heat transfer
art fricilon wntn good accur:icy when the properties anpearing in &) of
these relaticnships are intr-duced into tno32 relaticns at & refererce
tenperatire described by the following equation:

T = Tg 4 05T, ~ T,) + 0.22(7, - T,) (3-13)

Th se¢-nd tera wa thic equation can be cxpressed by che iwach numtar

Hac existine in the flox a. the ovter edge of the boundary layer. The

«ADC TR 59-624 13
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ecuatisn then a:wo vhe Itllowing form which is seometimess more conven-
jen: for an evaluation:
3 1, + 0500 - T) +0.22r -13-5—1- (Mae)2 T,  (3-14)
3 is the ratio of specific heais ait constant pressure and volume,
wWhen the temperature variatior within the boundary layer is so
large that the specific heat of the gas varies coasilerably, then the
belter procedure is tc base heat transfer calculations on enthalpies
instead of on temperatures. 4in tnis ‘casa the definitions, as given cn
the right hand side of equations (2-2) and (2-3), are used. The heat
transfer cocf{iicient hi is 2xpressed in dimensionless form as a iusselt

rmmber or a Stanton mpber:
- ih}.f—. S5t, ® - hi (3 15)
Nni - k * i Yne -
The relations (3-5) to (3-12) can again be used to describe these new

parameters. The properties appearing in these equaiions are now
introduced at a reference enthalpy instead of a reference tempe~rature.
The following equaticns describe the reference enthalpy:
*
- s . . - N
1 Ti,+ 0505, = 1,) + 0.2, - 1) (3-26!

* 7e = 1 e 2 Y
172 3,4 0.5y = 1) + 0.22r === (Ha)" 1, (G-17)

Tos above procedure based on a reference enthalpy and on constant property
relations is tovday in widespread use amd is usuzlly referred to as reference
enthalpy rethod. Its accuracy has been checked by comparison with the
results obtained by boundary layer solutions for a laminar boundary

layer and for air as the flowing mediuxm., Agreement within plus/minus

L% has been foumd for strear temperatures between LOO and 300°R, for

vsll temperatures between )20 and 2000°R, and for Mach numbers up to

16 (Ref. 110). It will be secan in a later section that the method still

WAXC TR 59-624 1
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is valid even ir dissociation or chemical reactions cecur within the
boundary layer. FKor *uis reas~n, the discussion in this report will
mainlv be based on the relsrence enthalpy method, sagreemant is also
good with meusurements on turbulent heat transte~ in the iHdach number
range which have been covernd up-to-date, It is also reuasonable to
erxpect that the relations hold with gocd accuracy for a gas diffevent

from air.

3112, Variaoble Surfages Temoerature. the vurious methods wiiich
have been devoloped to calenlate heat tran- fer te a surface with |
locally varying temperature have -~lready been discussed in reference
110. & simplified procedure which all-ws the valculation of heat
trensfer to a wall with prescribed varying temperature hus been developed
in the meantime (Ref. 113). The procedure approximates the actual
temperature vuriation by a succession of straight lines and, in Lhig
way, simplifics the calculation to a swmation process. It will be
discussed in conneetinn with Fig. 2. This ﬁgu;e Indicates an
arbitrary variation of tie temperature potential 4 = T“ - Tr’ which
 is determining the heat trunsfer according to equation (2«3). ‘ihe
surrace of length x is subdivided into a number of partial lengths

A x of equal dimensions. The temperature pctential at the positicns
Xor %) Xo» x3...xn is denoted by \7‘0,1,‘1, ‘\?2,...17‘,‘. The following
equation can be used to caloulats the local heat flux gy oq Por unit
t:ime and area at the pesition x,, and a very aimilar equation allows
calculation of the total he‘at Q"’ o transferred along the plate surface

between location U and xnz
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¥ -2d w2, -2, 1]} (3-18)

\, oo * Bigp P  DRFUCNEE P Bawx [@-v¥, -
b
DR DR AR | (3-19)

hiao is the local heat transfer coefficient and Hi” whe gverage one
for the same tflow condition but for a constant wall temperature, b is
the width of the plate normal to flow direction. ‘the following equation
can be used tc calcwlate the isothermual heat transfer coefficient:

hygy = Clx) Re,” /3
The exponent n is equal ).5 for laminar fiow and equal 0.5 for turbulent
flow. The constanis, &, 8, C, 4', B', C' cohtained in these equations
are listed in Table 1. The last eymation represznts te¢ average
heat transfer ccefficient when ~ is replaced by C'.

TaBLE )

n A B c At B! (4

Laminar 0 D895 04090 04332 0,696 0.432 0.684
i/h 0.837 0.635 0.112
1/2 0840 0.572 0169
1 0,792 0,538 0,560

Turbulent 0 0,951 0,117 0,0296 0.982 0.478 0.0370

The condition m ® O applies to flat plats flow. The values for m
varanciers different from QO aptly to flow witn pressure gradients and
will be discussed later or in this report.

Existing methods for the calculation of heat transfer vith a

AADC TR 59=-52Y 17
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to Yusselt number cn isothermal wall. (from Ref, 113)
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locally varying surface temperature assume a fluid with censtsnt
properties or a fiuid for which the oroduct, dersity times viscosity,
is a ccnstant. «he presented ap.oroximation, therefore, is based on the
same oassumption. 1t checks the results of ca.culations rerformed with
the other methods within a few per cent.

For a fluid with variable properties, it is proposed to comtine
the method presented here vith the reference enthalpy niethod of the
preceding secticn by introducing preperties at the reference enthalpy
into all of tne relations aprearing in the equations. cXpesinments
under conditiins where the wall temperature veries widely, zixi where
the temperature differences in the boundary layer cre sufficiently
large are not extensire enough tc check tne accuracy of a calculatiom
made with the proposal just .wntioned.

Tha influence of a wall termerature variaticn on heat trunsfer
beccmes significant only when the temperature variation is large reliative
to the temrerature pctential. & first estimate of Lhe influence of a
wall terperature variation and a decision whether it has to be considered
in a determination of i(ihe heat transfer can be nade iti the heip of
Fig. 3. In :his figure, the actual .usselt number dj-ided by the iusselt
nurber at an isothern:l surface witii ti:e same local tenperature
_difference is Diot.ed over a vuramcter ? « d4he wall teaperature
variation is assumed t¢ follou an exponential law &s indicated in the
figure vitn the value } as exponent. She curves with the parameters
n = 0 apply to flav plate conditions and curves witk a finite m value
t: flows with pressure giedients which will be discus-ad later on. It
may be observed that the influence of a vemrerature variation is

considerably lzsger for laninar flow conditicns than for turbuient flow.
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Fig. 4

Bimt object in supersoiir flow
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ror turbulent flow it is only necessary in very rare cases to make a

corrvection for the tompersture veoriaticn on frsthes~al heat wensfer

coefficients.

312. Blunt Objects

garly develoments in high speed flight were concerned with objects
of very slender :hape. This was done in orde; .o decrease the drag amd
the power required to move such objects tnrough the atmosphere. In
new .evelcmments and in astronautics, on the other hand, interest
usually centers iround blunt objects, becuuse drag is of ninor imporiance.
Scmetines drag is even desired for a reduction of aerodynamic heating.
Such an object flying with hypersonic velocities finds comditions in its
surrcundings as sketched in iy, /i, & Sowalwy layer envelopes the
object as a thin sheet. Cutside of the boundary layer, a shock is
created. In the bac: of the object the flow usually separates, sc that
the region behird the rearward surface is filled wiin a :low containing
strong irregular vortices. The density in this region is usually
quite low.

In moving through the shock wave, the air loses most of its
kinetic energy anc converts it into internal energy. As a consequence,
the iyer betvean the shock and ti:e outer edge of the boundary layer
is very hot. The ci:ditions ai the outer edge of the boundary layer
which are required for a calculation of heat transfer to the surface
can be odbtained with good accuracy fiom the so-called Newtonian Flow
approxination for ach mumbers ;reater than approximztely 5. It is
found that in this care the shcex wave is quite close 4o the surface

of the object. Correspondingly, the veloeity compoment normal to the
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doc. weT . oarte %oazs bemind 1l, s i0m€nLUn consiieration then
lesas to e followirg rmolation betreen ine pressure Pe oehind the
soock \eguat 1o e ©roosur2 et tne .al. surface aclerding o
bouandary layer trecryj and the pressure pg, and velocity u_, in the
upstrea. area {(anead of wne sn ck):
Pe " Pw T oo u«,2 cos® (3-v)

€ 1is the anzls betreen ire s.rfuce norzal and the upstrean flow
directicn. she velocity and -zmperature zlong - .e outer adge ¢ the
bo .ndary Jayer can then be fourd :dith the asswaption that the flow
expunds outsiuc tne bounzary layer iseniroczically fre:: the pressure

at s:iagnuiion p int to thye local pressure i’e‘ inis intrecuces an error
whnich becuses larcer witn increasing distance from tne stagnation point,
bec:use l.e air entering the boundary layer at some distance from the
stagnation point actual v crcssed the shock wave at a locztion where
the sheck is inciined tcvards the upstreun flow direciion. .hus error
is, nowever, usually snall for blunt objects.

3121, .tagnation Flow. In a limited region close to the stagnation
point, it is foun: that the flow velocity increases li.early with ) '
distance fron the stagnation point. ‘his region is referred to as
“stagnaticn point region”, and heat transfer in this region can be
determined by exact solutions of the boundary layer equations. 7he flow
iz such a region is almost exclusively iaminur. The dimensionless para-
meters describing heat transfer in this region are again described by
the equaiions {3-15). ilhe term x now indicates the cistance fron the
stagnation point measured along the surface of the object in flow
direction; u, is the local velocits of the fluid ai location x and

Jjust outside the boundary layer. The recovery enthainy f.in the

TAC TR . #~62h e .




stagnation point cegion is prasticslly uqual to the total gas enthalpy
in tohe upstream. In stagnation point flow, oms has to distinguish
betwawy two-dimeasional flow &s it occurs, for instsnce, around ths
front part of a wing and between rotationally symmetric flow as it
usually exists around the nose of & missile. The first situation will
be referred to as “plans stagnatica flow® and the second s “rotationally
symetric stagnation flow*. cor a constant property fluid and a
lanirar boundary layer, the following r-lations deseribe heat transfer
for thess flow coniitions:

plane stagnation flow oy T 0.570(?1')0'& Fl_q‘z (3-21)

rot. syms. stagnation {low Iy = 0.763(&)0'h VEey (3-22)
The first one of ithe:se relations was obtained Ly Squire. ihs secord

one follows from the first expression by Hangler's transformation. It
was also directly calculated by M, Sibulkin, For a fluid with
variable properties, the reference enthalpy method was again found to
describe heat transfer conditions with sufficient engineering accurscy.
This was pointed out by H. Romig (Ref. 296 and 297) by comparison of
results obtained ith thies method with exact boundary layer solutions.
1t will be cnce more demonstrated Mrcx)hy a comparison of the reference
enthalpy method with a relation which has been obtained by Fay and
Riddell (Ref. 12k). The following relation is contaired in Reference
124 for a constant F¥randtl mumber:

0. ?
..;.“5.‘... s %67 ("?".-‘4"":) (3-23) !
Ve, v w }

The index w in this equation indicates that properties are to be
introduced at the conditions as they oxist at the wall. aoc.mding to

%) pscording to R. sichhorn ;
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the reference enthalpy method, the properties have to be introduced inte
the constant pronerty relations at a reference condition. For either
plane or rotationally symmetric stagnation flow the following relation

axists:

*
L} s ¢ (ex-)o‘l‘

=3

The constant C in this relation has different walues for plans or
rotationally symmetric flow. 1ihe refertace enthalpy at which tae
properties hawe to be introduced is given by equation (3-16). In the
meighdborhood of the stagnation point the velocity is very small, and
the difference between the recovery enthalpy j’r ard the static eathalpy
i, is osgligitle. Cirrespondingly, equation (3=16) can be simplified

to the following expression:

»
4z o u+-—}'—)

ihe ratio of ausselt to square root of deynolds mumber ¢z r.scc? at
reference condition can be written in the following way:

» * *
3 x
Boo E o, e 155_
Yre k o fugx igf-' ugX
If both parzmeters are, on the other hand, determined at wall conditions,
then the following coaditior holds:

| M{" o
= %ﬁﬁ'%ﬁr iﬁ:a(m (3-24)

4 corparison betusen the equations (3-23) and (3-24) 1s made in Fig. S.
The ratio °f§’{‘ at stream and at wall conditions, as used by Fay and

Riddell, is shown in the lower curve of this figure. The expressions
presented by the two upper curves are the ones appearirzg in iim equations
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(3-23) and (3-2L). 7The fact that these two curves 2lmc t coincide
indicates that the reference enthalpy method leuds to practically the

same result as Fay - Riddell's equation,

3122, Swept leading Edges. A considerable roduction of recovery
temparature and heat “ran:fer on the stagnation lirs of a cylindrisal
object nccurs when the cylinder axis is inclined under an angle smaller
than 90 degrees toward the upstream direction., a4 shock surrounds the
front part of such a cylinder, wuen the upstream velocity is supersonic.
At the stagnation line, the velocity ccmponent normal to the cylinder
surface is reduccd t: zero. ihe welocity component parallel to the
cylindsr axis, however, is maintained outside the boundary layer. Its
value may be up. this velocity component is maintai:ed in the
"gtagnation flow region", whereas the wvelocity component parallel to
the surface but normal to the cylinder axis increases again linearly
with distance x (measured now in a plans normal to the axis). 3.iut-~ns
for such a flow situation have been reported in the literature., For a
constant property fluid, heat sransfer coefficient and recovery lactor
can be again calculated from equations (3-21) and (3-5) ‘when the

recovery factor is defined in the following way:

Tp - T“

1‘° - Lllﬁ

T, is the total temperature in the gas outside the boundary layer,

rs

and T“i.mliclus the static t,emper;ture at the stagnation point ontside
the boundsty layer (I, - Ly e 2::'?_ ) The heat transfer coefficient
is defined with the temperature dgffexwence Tp -« . For a single
component gas with variable properties, it is demonstrated in Ref. iLl7

that equation (3-23) (converted tc plane stagnation flow) represents
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the results of bounddry layer solutions within L4 in the range of
parassters which is of practical interest, provided the heal ‘-insier
coefficient and recovery factor are hasec on enthalpies instead of
temperatures. It is argued in Ref. 417 that this should apply also
when dissociation and recombination occur. Froa the comparison in
Fig. 5, it is evident that ths reference enthalpy method and sguations
(3~5) and {3-21) describe heat transfeor to the rtagnation region of a
yaued oylinder with the same accuracy.

3123, Arbitrary Shapes.
Laninar Flow. Tbhe flow over a tlunt object is connected vith pressure

gradients along the surface which influence the development of the
bourdary layer and of the friction and heat transfer at the surface,
4an exact solution of the differential equations describing boundary
1ser flow is under such circumstances very tedious, becanse, even fcr
plans or rotationally symmeétric flow, it means the solutiion o1 partial
differential egquations in two independent variables. As a consequence,
nany approximate prucedures have beer proposed which circumvent this
difficulty, 'Ienu methods have to be evaluated according to the ease
with which they lead to results and according to their accaracy. Une
which usually is especially simcle is based on the assumption of
"Jocal similarity”. This method was proposed for the first time by
Falkner and Skan (V. K, Falkner and S, W, Skan: rhil. Mag, 12 (1931),
865, aeron. ses. Comm. rep. a. cem, 1314 (1931)) for the calculation
of skin rriction and by nckert and Jrewitz (8. scxert and G. Jrewlts:
Lustfahrtforschung, 19(1942}, 189) for the calculation of heat transfer.

Nany exteusions have oeen described since that time. The discussicn
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in this saction will mainly follow a procedure sy cested by L. Lees
(Ref. 432', because it is relativel:r simple and can be applisd “rr plaas
as well as for rotaticnaliy symmetric flow. <The msthod will be
somewhat modified to incorporaile the reference enthalpy srocedure.

The differential equations which describe steady laminar boundary’

layer flow of & medium with variable properties are:

-%-; (qur)’)« -%-; (gwryti =0 (3-25)
) :
g(u%-‘j+v ‘):‘f)z- a:°+-g—; (‘v.%-;) (3-%6)

ewditvih-Lo @ gh+ L (- %;kgﬁ (3-21)
The equations are written in a coordinate system as indicated in Fig. 6.
The symbol s indicates the distance measured in the flow Cirection ‘along
the sirface from the stagnation point, y the distamce from the surface,
and r_ the distance of the surface point under coneiders ion from
the axis of rotation. The index e indicates conditions at the outer
edge of the boundary layer. I is the symbol for the total enthalpy in
the f2ow (I, = i, + 2‘2—2). The equations in the above form are
applicable for plane as well as for rotationally symmetric flow, For
the first situation, n has to be set egual to zero; for rotationally
symetric flow, n is equal 1, It has been shown by Doro;nj.tvn, L.
Howarth, C. R. Illingworth, and K. Stewartson that the ecuations czn be
brought by a trassformztion of coordinates into a form which closely
resembles that for incompressible flow of a fluid with constant properties.
. In addition, W. Hangler demonstrated that the equations for rotationally
symmatric flow can be made to assume the form of those for 2 plane flow
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by ancther transformation. L. lees combined both transiormations by

the chcice of the following independent variables:

S
- P
L3 of ?e["e r, ds (3-28)
ie ueron v.
% = — [ -g— dy (3“29.)
t yom 6’ Qe

if in addition the stream function which is introduced to eliminate
equation (3-25) is written in the following form

then the above system of boundary layer equations transforms to:

(Ceet)t + oevve o [-g—e - 20 (3-30)
2 A
¢ L] L] ...u..a_. 1 el
(& &'+ + 7, [ - a0 (3-31)

The following notations have been used in this equation:

1 o8 d_u'
- ta
8 - ’T'e P 0 = g-e#e » '3 2 e Y 1-32)

u, dw

« prime indicated differentiation towuards Yl « 'The assumed form of the
strean function Y on which the derivation of the equations (3-30) and
(3-31) were based restricts the boundary conditions tc whick this
equation can be applied. A detailed discussion of this point is
coritained in the original paper by lees (Ref, 438). Specifically, the
method of lozal similarity postulates that the local flow conditions on
any point of the surface of a body with arbitrary shape corgespond

with good approximation to those of a flow with P and -:—;— being
constant and having values corresponding to the actual loca{ condition.
Solutions of the boundary lsyer equations for this condition are avail-

able for certain cases. For a vanishing Mach number which causss ‘he
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last term in equaticn (3-3l) to disap .ear, they have been worked out by
. Sckert and B, Srown «ud associates. For a gas with rrandtl 1

and 5) {.L = constant, soluticns have bean obtaired by S. Levy (Journ.
Aeron. Sci., 21(195Lk), LSS}, as well as by Cohen and Reshntko (Ref. 66).
For rr 21 and oM 3 consiunt, the equations in refsrence 66 becoma
identical to Oqu;tions (3-30) and (3-31) when the parameter f} is

based on Mach number instead of stream velocity corresponding to the

relation:
p H -§_ %L— ( 3_323)
mo ds

The last term in 5q. (3-31) vanishes ogain becauce of the condition

fr = 1, Fig. 7 has been taken from the solutions cbtained by Cohen and
Reshotko and indicates the dimensionless enthalpy gradiant at the wall
surface plotted over the pressure gradient parameter P o The wall
temperature is ussumed constant in these solutions. It can be ¢ served
to be a characteristic featurs of the dimensionless anthalpy gradient
that it varies only moderately with the pressure gradient parameter

F R Bs;;ecially for small values of the parameter 1‘/10, the
variation becomes ouite small. A small value of the parameter i../le
refers to a condition when the temperature of the surfice is small

as compared to the temperature in the stream outside the boundary layer.
Such & condition is usually found in high velocity engineering
applications since high velocity flow is gonerally connected with high
temperatures, and since, on the other hand, the wall temperature

cannot sxceed 2 limiting value determinad by the strength characteristies

of the material. Consequently, lLees proposes to neglect the dependence
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f the dimensionless enthulpy gradient oa tne préssure gradient for

such conditions and to use an average value equal 0.5.

The local heat flux per unit area into ihe wall sarface can then

be expressed in the following way: ' \
o1 - kw - dn,
Tk s Ll il S R | (=)
S F) (-%-’;' = ,)—5!-——1‘_% )
n
= N .._“.‘!i flefe K fu (1100.50 x
P“ I~ ﬁ-; Q” (.}
1/3 (R
(Pr) —9-”,—_'—-"-—— (3-33)
5

The fzctor (9;-)1/3 wag added in the last term to acccunt for trandil
nunhers sonewhat different from cne. The enthalpy difference
I, - i, will be replaced by the difference betwsen recovery and wall
enthilples i, - i, for the same reason. For a highly cooled wall,
where the wall temperature is much lower than the reco. .3 tcT;.rature,
this is a sufficiently good approximation. With the definitions of a2
heat transfer coefficient,susselt number, and a Reynolds rumber:
u L
Mo, —c-‘l"-:i-{' Re :e:: (3-34)
- o

(L...refersnce length, o refers to condition at stagnatioa point outside

the boundary layer) the following equations are obtained from the above
relaiion for the wall heat flux:

1/3
By = 0,35 -g- F(s) (2r) f;a, (3-35)
.9.5 “0 (=2
Fls) = — S0 Joo (3-36)

f*
[o "‘;""f“—: ua"'&) d(-—~)]
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wiih these ejuati>ns the local heat flux along the surface of 3 blunt
voject can be calculated as soon as the variation of de.sity, viscosity,
and velocity outsiie the boundary layer and along the surface is knowm,
How to ohtain these values has been adiscussed in a previous section.
Any arbitrary length can be selected us reference length--for instance,
the largest dimersion of the object. -

The methcd a5 cutlined up Lo mow has the short-coming that it is
based on Fig. 7 which hoids only for a gas with the product, density
times viscosity, equal to a constant. For a gas with other density and
viscosity relations, errors may be introduced as will be demonstrated
by calculating the heat transfer noefficient for the stagnation point
region of a blunt ot;ject with equatinn (3-35). The following relations
hold for rotationaily symmetric stagnalion flow: )

a1, v ex, r,<s
In addition, the density and viscnsity variation in the close neighbor-
kood of & stagantion point can oe neglected (€, :f’o’ He 2P0
Bquation (3-36) can then easily be imegrated, ama the follcwing
result can be obtained:
vz o, e

Pis) z2(ll ) (2
8

U

Introducing this relaticn into the above equatisn for the Nusseld
number vesults in:

L
L LR SN N vﬁ}r—
[+]

k " Qo oo
The equation can be re-uritten:
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A comparison of this last expression with the equation obtained by Fay

Spes S o.‘(o(m-)ll3 Swi £%° | 0.70(Pr)1/3‘ i (s, \.-Ig':‘f
- g Jeo«"o

and Riddell for stagnatia point flow and listed pege 23 indicates
that equation (3-35) will not properly describe the heat transfer conm
dition for a gas in which the product demsity tines viscosity follows

& relat'on which is different from a canstant, lees corrected this situ=

ation by multiplying equation (3-35) with SO0 which doss not change
«

the relaticn for a gas with Ot = consts In Ref, W37, it is proposed
to modify the method by cambining it with the reference enthalpy procedire.
The equation (3-35) is replaced by the following equation

/3
#» - » %,
M e 0,35 F(s) (Pr") \[ Re (3-37)

in which Nusselt and Prandtl nmabers as well as F(s) are rferred to a
referenocs condition as desoribed by eqations (3=16) o (3-17) md
based m ):ocnl conditions at the surface point umder c mmsideration,
The function F' (s) 1is defined as

o «, ('o)n

R

It is shown in Refe 437 that the proposad method agrees very well with
bomndxry layer solutions md eper-iments reparted in Ref, 188,

A fwrther extension of the method is tentatively propezed for sate
vations for which the ratio 1,/I, is not small as compared to 1, In this oase
a value which replaces the canstant 0,35 in equation (3=37) can be read
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cff Fig. 7 fcr the appropriate value of the pressure grad ent parameter

P . This later parameter is obtained from equation (3-32a). delations
sre developed in References 2i3, 125, and which are evern easier to
evaluate than wquatlons (3-36) and (3-37). It is to be expected,
however, that the methcd presented in this sacticn can be extrapolated
with nore confijence to situation: spart from the reentry oroblem,

Iurbulent Boundury lLayer.

Approximate methods similar to those used for lam.nar boundary
layer f_.ow bave also been developed for the condition where the boundary
layer has becone turbulent. lhese methods have veen discussed and
recently compared in References 3.5, 419, and L35. Agreement among
the various methods is still rather pocr. It has, however, been found
that the influence of the oressure gradient on heat transfer is less
in a turbulent boundary liyer than in a laminar ons. Use of equation
(3-1¢) describing heat transfer on a fiat plate gives a fairly good
anproximat:-n for & turbulent boundary layer on a blunt object when the
velocity u, appearing in the Stanton and deynolds numbers is interpreted
as the local value outside the boundary layer, and when the distance
x in the deynolds number is interpreted as the distance s cf the
surface point under the consideration irom the stagnation point measured
in flow direction along the body surface,

3ley. oeparated flow. Heat transfer in separated flow regions

like the one sketched in Fig. L4 is still very incompletely wnderstood.
This region 15 either more or less stagnant or filled with a regular
circulating lanimar flow or with a turbulent flow containing irregular
vorticity and of an unsteady, fluctuating character. which of these
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flow situations occurs devends on tne .teynolds numver. In a constant
oroperty fluid, heat transfer to the surface of an objsct borderirng on
the separated region may be smaller or larger than the heat tran<rer
tc the iront portion which is covered by & boundary layer. ihe most
extensive information is available for heat transfer in flow normal to
a oyitndur with circular cruss-swction., 1t has been found chat fer
ieynolas mumbers up to 10 the local heat transfer is a minimum at the
rearward stagnation point of the cylinder. At hji ‘er Heymolds numbers,
a maxisum appears at the rearward stagnation pcint which gradually
increases; and for leynolds numbers veyond zpproximztely 50,000 the
heat transfer coefficient on the rearward portion of the cyiimder is
as large as the one on the front portion. with further increase of
feynolds mumber the heat transfer becomes larger in the bick portion
than in the frunt portion. ror high velocity flow of a compressible
fluid, heat trensfer in the separated region is influenced by another
factor which tends o decrease it relative to the values in an
incompressible fluid. 1t is known that heat trancfer in forced con~
vection depends mainly on the vroduct of density times wvelocit., and
in high welocity flow the density in separated regions is usualiy
consiucrably smaller than the density aleng the forward portion of
the object. Correspo:dingly, it was found that heat transfer coefficients
in separated regions of objects exposed to suversonic flow arz guite
small as compared tc heat transfer in the front portion. They are
usualiy of the same order of magnituce as local heat transfer
coefficients which exist on thz object just upstreaz i the point of
separation.

For sufficiently small Heynolds numbers for which the flow in the
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.evarated regicn exhibits a steady regular circulation of laminar
character, heat wraasfc. ¢oefiicients were recently obtained by
analysis (References 51, 205). For higher ieynclis mumbers where

the flow exhibits the irregularly fluctuating turbulent character,
heat transfer coefficients are only ob:iainable up to now by experiments
and a pear to be very senzitive to the perticular shipe of the object

which is exposed tc flow.

22, JISSOCILaTIuh, IONIda Ll N

The discussion up to now wWas concerned with s ¥single ccmponent®
gas; tms means with 3 gas ln which no changes in chemic.i composition
occur. iIn reality, the temperature increase occurring in high
velocity flow is often soc large that the gas disscciates. This is especially
true in the regions bzhind snock waves on objects like the one shown
in Fig. L. 'he surface temveratures of the objects are generaliy
much lower, and therefore a temperature drop in the direction towards
the surface occurs in the boundary layer. Accordingly, the dissociated
atoms recombine again within the boundary layer. Tc which iegree they
can do this depends on the tise which they have vailable. It is
convenient to study two limiting cases which must bracket the situations ~
as they antually occur. une limit is a condition in which the recone
®ination rates are very fast compared wiih the time which the molecules
or atoms need to change location in the boundary layer by diffusion and
convection. Accordingly, thermodynamic equilibrinw will be established
at ewch point and the dissociation withia the brundary layer is
determined completely by the local tempesatures and pressures. The other

liciting situation is encountercd when the dissociation rat-. arc ver; slow
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compared with the difrusion process. In such a :ase the molecules will
not find sufficient timc to recombine within the boundary layer itsslf.
wWpat concentration field of the atoms is established depends then on
the cundition at tioe walli. +hen the wall is catalytic, then the
reco.bination of atoms cccurs at the wall to such a degree that sqmil-
ibrium ie again ectadlichod in 4he gas ai thav point. ke reccmbined mole-
cules diffuse away from the wall. On the other hand, the atcas have

to diffuse towvards the wall, and this diffusion rrocess determines the
cuncantration profile within the boundary laver. If, on the other
hami, the wall is not catalytic, then the recombination rate will be
slow even at the surface, and the atcme will mai:ilain the concentration
which thay had outside the boundary layer through tne shole region up
to the swrface of the odject.

It might be expected that the heat transfer to the wall of an
object in high speed flow is influenced strongly by thi- dissociation
and recombinatiocn process. i closer inspection, however, will show
that this is not the case. For this purvose, we will consider a gas
consisting of atoms und molecules of the same species and at first
determine the equatiors which govern the heat flow in such a
dissociating and recombining gas. In this situation, two rrocesses
cause a heat flow: first, the usual thermil conduction rrocess, amd
secondly the diffusion process of the atoms and molecules, because in
this process the particles carry along their enthalpy. ihe equation
de: cribing the heat flux q in such & fluid with & gradient of tempereture

and coucentration in y direction reads:

d"
az k§ - e = (3-38)
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k in this equatiou denotes the heat conductivity (exactly the varsmeter
detemmining the trensport of energy according to the translational,
~ational; sad vibrational degrees of freedom). D, is the diffusion
coefficlent for interdiffusion of the atoms and molecules, i a is the
energy of dissociaticn per unit mass of atoms, and v, is the mass
fraction of the atms in the gas. lhe equation therefore is written
in mass fraction rather than in concentration. The enthalpy of the
molecule-atom mixture is described by the following equatiocn:

ds = °p ar + 4, dw, - (3-39)

in which cp again denotes the specific heat at ccnstant pressire
comprising the translational, rotational, and vibrational degrees of
freedom, howsver, excluding chemical energy. Introducing this relation
for the enthalpy into equation (3-33) givos for the heat flux the
following relation:

dwy
q2- %;% -(QD- -:;)i‘_ &—

This equation can be simplified by introduction of a dimensionless
parameter called Lewis number and defined by:

le = «2229-— (3-L0)

With the lewis mumber the equation for the heat flux reads:

dw,
- k di A
Q2 - &= = - ?D(l - t ) 1‘ —— (3-l1)

The lswis number for gases has a value which is not too far from
one, Therefor=, a good approximate information on heat flow under the
influence of dissociation cun be obtained when the condition in a ges
with a lewis number equal one is considered., For such a gas, the heat

e
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flow equation simplifies to:

th;{’;,-*- (3-42)

1t ¢4 be seei: that the equation for the heat flow is just as simple
as for a single componsnt gas. 1he only differenc- is caucsd by the
fact that in th; enthalpy gradient describing the heat flow, the
chemical energy (enmergy of dissociation) has to be included. On the
other hand, it should be kept in mind that the heat conductivity and
specific heat do not include the chemical ensrgy but only the pure

gas energies. O(ne has to distinguish those properties from the ones
including the chomical energy which often are listed in reference works.
A more detailed dia_cussion of this difference will be given in a

later section. Equation (3-42) indicates that the hext flux is
dependznt on the enthalpy gradient in the gas aion., and th&t it does
not matter at all whether the trmansport in detail is osused by oconduce
tion or by diffusion. 7This already indicates that the heat flow does
not depend on the degree of dissociation in the gus. An example will
explain more clearly what is meant by this statement. let us comsider
for this purpose a gus layer with finite thickness b and let us
simplify the actual conditions by assuming that heat conductivity

and specific heats are constant. In this case the equation can
immediately be integrated over the thickness of the layer, and the
following equation results:

Cq b
1, and ie denote the enthalpies at the two borders of the layer, The

notation is used because the layer may be considered as a crude model
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of a boundary layer. i' then corresponds to the enthalpy of the gas
at the solid surface, and i. to the enthalpy at the cuter edge of tha
boundary layer. lhis enthalpy i e is prescribed through the concentra-
tion of atoms and thrcugh the temperature. The enthalpy i, at the wall
surface, on the ovher hand, depends on the reccmbination conditions at
the surface. 4if the wall is catalytic, then the concentration of aicoms
is equal to the equilibrium concentration which belongs .o the
temperature and pressure of the wall surface. At a prescribed wall
temperaturs and pressure in the boundary layer, the enthalpy iy is also
a fixed value, and this is s: regardless of the fact whether the atoms
recombine within the layer itself or mot -- in other words, whether
equilibrium cr frogzen state or any condition in betveen exists within
the layer. This then indicates thut tne heat flux to tre wall at
prescribed wall tenperature and orescribed conditions outside the
layer is a fixed value and independent of the ch.~ -. omb’ w=ticn
process.,

if, on tne cther hand, the wall is non-catilytic, then the heat
flux depends on the condition for recombinuticn within the layer.
For equilibrium state the concentration within the layer is everywhere
equal to tne equilibrium concentration belonging to the local temperature.
Correspondingly, the equilibrium concentration is established at the
wall surface by the conditions in the gas itself, and tne heat flow
will be again the same for a catalytic wall. If, on the other hand,
the reccmbinztion in the gas is pegligible (frozen state), then the
concentrations will be uniform throughout the whole layer of the gas
ard will also not be influenced by the pressnce of the wall. In this

case, no transport of energy by diffusion occurs, and only the first
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term in equation (3-38) is active for the transport of energy. For a

constant heat conductivity this term can again be integrated and gives:

Q’ k \J [}

It is clear that the hoat transport in this case will be less than when
diffusion is preseat. Llhe ratioc of the heat flux Q in & {rozen state
gas and «t a non-catalytic wall to the heat flux q, at a catalytic wall

can b6 expressed in the fulluwing way:

Sp _ °2(R - Ty)

" et
Note that cp only contains the translational, rotational and vibrational
energy, whereas i contains additionally chemical energy. ’

In a boundary layer, the energy trunsport by conduction and
diffusion is :till described by equation (3-36). To it, however, has
to be added the transport by convection. Numorous cs’ rulations have
been performed in which the laminar boundary layer equations have
been solved for the determination of heat transfer in a high velocity
air flow undur the presence of dissociation and recombination. The
corresponding reports are listed in the list of references. Fay and
Riddell (Ref. 12)) investigated the heat transfer in a rotationally
symmetric stagnation flow of air and arrived at the statement that heat
transfer at a catalytic surface is obtained from the corresponding
equation in a single component gas by multiplication with the following
factor:

ip
1-(10"-1)-;—

°
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If our relation \3-37) is used then the following equaztion i> obtained

which describes heat transfer in rotationally symmetric stagnaiion flow

of & dissociating air bourdary layer:
Ny = 0.70 (Pr.) [1 - (hn -1) -1-_] (3-43)
T;‘b . o

"D indicates the energy of dissociation per unit mass of the gas

-

consisting of moiecules and atons, and 10 is the enthalpy of the
mixture at the .si.amat.ion point and outside the boundary liyer. the
expoitent n was duternined to have the value (.52 for equilibrium state
and 0.63 for frozen state within the boundary iayer. For Coustte flow
a value 0,5 had been found. ~t can therefore bs assumed that the
exponent n depends only moderatwly on the specific flow situation and
that the above correction factor can generally be used to obtain heat
trensfer in a dissociating or recombining gas. The lewis number in air
for hypersonic flow conditions is sxpected to assums vzl 13 hetween 1
and 1.5, and a consideration of diffusion and recombination may give

an increase of the heat transfer up to ap?roximtoly 20 per cent. On
the c.her hamd, for frogzen state in the boundary layer and a non-
catalytic wall, a possible reduction of the heat transfer parameter

to one-third of the value which it would have if the wall were
catalytic was calculated by Fay and Riddell (Ref. i2L). 1his
calculation was made foo a flight condition as :i:t nay occur in the
re-entry of a missile. Frozen state in the boundary luyer has been
assumed, and this requires that the flight occurs at very high altitude.

Fig. 8 gives a schematic sketch of the variation of temparature and '
concentration through a boundary layer; once for & catalytic and

second for & non-catalytic surface. The teumperature profiie in the
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boundary layer is essentially unchanged by the surface condition. un
the other hand, the concentration is uniform for a non-catalytic
surface and decreases to its equilibrium vslue according to the lower
surface tempereture for the cstalytic surface. cnergy tramsport is
affected by the temperature gradient alone at the non-catalytic surface
and by the concentration gradient and temperatuie gradient at the

cat.a.lyti& surface.

Lo MASS [RANSFER COOLING

ihe general equations which descsibe the tesoerature sondition in
4 solid wall and the heat tiux to the .urface of such a wall under the
influence of mass transfer cooling have been discussed in chapter 2.
In the present chapter we are concerned only with the process within
the boundary layer itself, which determines the heat transfsr coefficient.
Correspondingly, the term mass transfer cooling will be interyreved
here as ircompissing all cooling methods by which a mass flow avay from
the surface and into the gas stream is generated, regardless of the
specific method by which such a mass flow is achieved. It includes
precesses like transpiravion cooling, sweat cooling, ablation cooling,
liquid film cooling, and so on.X) The coolant which in gaseous form
moves awsy from the surface of the solid object is usually of a
substance different from the fluid awoving in the outside flow over the

surface. Correspondingly, the mass transfer cooling process will, in

x) The interphase between liquid and gas in film cooling moves
along the su~fece, The velocitiss of this shear flow in the diquid
film are, hovever, 30 small that their effect on the gas boundary
layer is negligible,
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addition to iLiw parameters occurring on a sclid rurface, depend on two
new paraneters: op the amount of mass released at the surface ani on
the nature cof .2¢ coolant gas. accordingly, it requires a much larger
number of calculatiuns or experiments to obtaip the required knowledge
on the mass transfer cooling process. 7This is the reason why our
present day information on mass transfer cooling &z still searee 2e
compared with that on bsat transfer on a so0lid surface. Geoerslly, it
is found that a muss flow avay from the surface reduces hast transfer.
The procedure which appears best in the light of the remarks msde above
and which today has bser quite generaily accepted is to calculate hest
transfer on a uass cooled wall in the following way: The heat transfer
on a s0lid surface undsr equivalent fiow conditions is calculated and
this heat transfer coefficient is then multiplied with & correction
factor which describes the reductivn obtained by the msss transfer
cooling process. Ihis procadure will be used in the following discussion,

ld. WITHOUT CHELICAL REACTIONS

1a many apolications, the chemical species released at the surface
will react with the components in the outside gas flow. The discussion
in this section will assume that such resctioas do mot occur. In
addition, it will consider, on the one hand, the gas in the outside
flow and, on the other hami, the mass released froa the surface as
single components. This is admissible as long au each of the two
components consists of species whose properties differ comparatively
little. We are therefore concerned with the axss movoment by convection
and diffusicn of two components in a gas mixture relative to each other.
It will be seen that this procers hss ofter 2 pronourced effect on
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heat transfer. The discussion will again be carried out in the
following order. At firct a mixture of two cuaponsnts will be cons.izred
with properties which are constants (indepencent of prescure,
temperature, and composition). as a pext step, the prope:ties of the
maxture will be considered to depend on temgsrature but not on
coapositions Such a situation is galte olten upproximated in actuai
mass transfor cooling processes. J[In a third step, the properties will
be considered to devend on tamparature ond on comszosition, amd in

ad VAL

addition .o be widely different between the twc componsats. Iia
recent investigations, it has beon found that gases with low molecular
veight appear to offer special advants,es as coolants for a mass
transfer cooling proc‘pss. since the properties depend essentially on
the molscular weight, such a situation has created interest in the
infiuence of large diffsrences in p:riverties between the coolant. and

the outside gas on the mass transfer cooling process.

31, Constant Properties

The boundary layer equations for flow over a surface with mass
release _are the same as those describing the velocity and temperature
fields on & solid wall., The only change occurs in the boundary )
conditions whare a finite velocity v = n/s; normal to the surface is
now prescribed., Solutions of these equutions for laminar and turbulent
boundary layers with mass iransfer cooling have shown that ‘gt;nton
number or llusselt nhumber describing the local heat transfsr coefficient
depend on the rollowing parameter

. n
-:~. {za) - w-~1)
e
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when the mass m released psr unit time ancd surface area varies iaversely

proporticnal to the expression By 21

e * The exponent n has the value

U.5 for a laminar bound«ry layer and 0.2 for 4 turbuleat one. For this
asituation, the boundary layer profiles at different locationc Z are
similar. ieat trensfer cosfficients obtuined from these similarity
solutions are often used as acoroximations for a determination of hest
transfor even uhsn the mass flow distribution over the surface is
different e the one or whish the calcuiaiion was dbased., Thic
procedurs is analogous to the method of "local similarity® which has
besn applied in Section 3123. For turdulent flow, it can ke expectsd
that the influsnce of a specific mass release distribution on heat
tnmfsr. is comparstively +smll, For lminar boundary layers the
inflvence may be considaredle. Howerer, little information is availe
alile from which its magnitude can be estimated.

The paransters may be brought to s form which is idemtical for
laminar and turbuleat low vhen the deynolds mwber is replaced by
Stantons nuaber

e N -2)
]

mmma'«mmmztm:onanndmtm

under the same boundary conditions (exerpt v = 0) is used for this
parsmeter in the preeent report. C. J. Scott demonstrated zdditionally
that the resilts of caloulations on heat transfer in laminar boundary
lsyers with pressure gradients can be brought to near coincidende

when the parameter (4-2) is changed to

A J1:o Pf2 (1-3)
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[3 is the pressure gradient parameter as useu in Secuion 3123. It has
the value 0 for flat plate flow, 1 for plane stagnation flow, a2 2.S
for rotationilly symmetric stagnation flow. For turbulent flow,
j3 = 0 should be a good approximatiocn even vwhen pressure gradients are
present.,

Pigure 9 nresents ths »asis 5/21' of liw aciuai heet tranafer
coefficient to the one on a s0lid sarface undez the same outside flow
conditions as a function of the mass releass parimeter {4=3) 2or a
§33 with Pr = 0.7. It may be observed that the values for {lat plate
flow and for plane stagnation flow agres quite closely in this present-
ation. The figure also contains the ratio /Ty of the actusl tespersture
recovery factor to the one on a solid surface for laminar flat plate
flow. Kknowledge of the recovery factor is of minor invortance in
mass transfer cooling because the difference between total a8 temmerature
3nd wll temperature is usually large compared with t'e difference
betusen total gas temperature and recovery temperature. an error in
ths recovery factor then has little influence on the calculation of
the heat flux,

2. Propertiss De nt_on erature
It has been demonstrated in Reference 425 that the results of
amerous laminar boundary layer solutions for flow over a flat plate
agree with the constant property relation presented 1n Fig. 9, wvhen
the blowing parameter is changed to the following form suggested by
J. 2. Baron:

9\' 'v feé e (h‘h)
e. u. m fb(u*
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Reduwction of heat flow by mass transfer coocline
(i't'om Ref h26)
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This parameter can be transformed in the following way:

Ou Yy ?u“;; f_eé: - i eu.x - ..*_é_ v;;
@s e /‘"yg’/& oy, } & QY

This indicates that the ruls proven so successful for heat transfer on

551id surfaces, namely, that properties should be introduced ct a
reference temperiuture applie. to the miass releuse paramster as well,
The ~arameter can again be generalised hy intrcduction ¢f the Stantum
rmnber and by addition of the pressure gradiant parameter. It can be

expected that the paramet>r

-t (L=5)

Q% Sty
correlates heat transfer coefficients for laminar boundary layers
with pressure gradients and for turbulent boundary layers (sott‘.ngpz 0).
Pig. 9 can then be used to calculate heat transfer in  fluid with
tamperature dependent nr-perties when the properties in the mass
release paramster are introduced at reference temperature or reference
enthalpy. The reference state is calculated from equation (3-13) or
(3-16).

Fig. 10, taken from Reference 26, presents the retio of the
actual heat flux q at a mass trensfer cooled wall to the heat flun
Qg vhich the solid wall would have under the same flow conditions, plotted
over the mass reledsdy paramester, It has been found that the results
of various calculations correlate on thess curves with retsonable
accurecy. The notation on the vericis curves irdicates the nature of
the two component mixture. The first temm gives ts ccolan - gas, amd
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it can be observed that the cutside flow over the surface was air in
all cases. The various curves represent with good accuracy the rasults
of boundary layer calculations on & {lat plate with & large range of
Mach numbers, wall temperatures and free streaa temperatures, It can
be observed that the curves arrange themselvss according to the
molecular weight of the coolant. in this way it is suggested to
consider the molecular weight of the coolant as the main parameter
determining ths covlant effect in the mass transfer process. In
Reference 426 , it has been found that the various curves in Fig. 10

can be expressed by the following equation:

r*’_—" % 3
v, = 1-2.06( g v, /0qu)) Y;o fo v/ g ("l/“c)ll (L-6)

*
9‘ and /L denote the density and viscosity of air at referease

tewrerature, ll' in this equation indicates the molecular weight of

air and Hc the molecular weight of the coolant gas. The scws e¢qua.is

describes the ratio of the actual wull shear on the transpiration

cocled wall to the shear which would axist on a solid surface under the

same flow condition whem the constant is changed to a value of 2.08.

4 gimilar relation was obtained in Aeference 365 for the ratio of beat

transfer coefricients in a laminar and turbulent boundary layer on a flat

plate., The exponent on the molecular weight ratio in this reference

was found to be 0.4 for laminar flow and 0.6 for turbulent flow. Reference

425 gave 2/3 for the exponent 1/3 in turbulent flow. This reeult and the

generalized parameter (4-5) can now be used to obtain the relstion
hg=1-C —;'l-h-psg(—:':‘-)n (L-7)

€% .
C has the value 0.73 for laminar and 0.37 for turtulent flow,
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The expenent n 1S 1/3 for laminar and 2/3 for turbulent flecw.
rroverties for air at reference temperature have to be introduced for

¢ ® and in st.:. The ratio h/h, of heat transfer coefficients is rot
quite identical to the ratio g/qq of heat fluxes because the recovery
temperaturc on a sclid wall 2 semcuhat different from the recovery
temperature on a mass transfer cooled wall, In the boundary layer
solutions on which equation {14-6) is based, this difference is very
smell, This has aiready been pointed out at the end of the precesding
section, Reference ;26 contains information in Fig. 4 oa the
recovery factors of transpiration cooled surfaces.

Equation (L-7) is a relation which represents results of

analyses and experiments available today with an accuracy which is
sufficient for engineering purposes., lHowever, it should be remembered
that the range of information to date is still restricted, and that
corrections to this relation may have to be mude when more information
become:s available in the future, There are, for instance, some
indications from calculations presently performed at the Naval Ordnance
Laboratory that the molecular weight is actually not the only psrameter
to describe the behavior of a specific coclant., It may well be that
in the future either other properties have to be considered in the
relation (4-7) or that a procedure will have to be used which considers
all the properties of the coolant gis as well ag of the gas in the out-
side flow as, for instance, a reference concentration procedure, Such
a reference concentratior procedure hos Bssa procoead in deference [36.
it should also be pointed out that equation (4-7) is based on analyses
ard cxperiments in all of which the surface was impermeable to the

one component of the gas mixture, nsmely, tc ths 45 in the outaide
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flow, A different sicuation *= sometimes e.countered, for imstance,

H
H
)
E
{
£

the oxygen necessary for the reaction has tc be transported threugh
the boundary layer toward the interface oa which the reaction occurs,
and the relation betueen the mass flow porameter and the local
concentrations of the two compcnents will be different from the one
considered in the previous analyses. This may also have an effect on
the reduction of the heat transfer ccefficient.

L2, WITH CHEAICAL REACTIONS

A mass transfer coocling process is often connected with chemical
reactions when it occurs at high temperatures. These reactions change
the temperature ﬁ.alci and the properties, and influence the heat
transfer coefficient and the heat flux to the surface. Thi. _nis:%nce
of chemical reactions on heat transfer will at first dbe discu_ssed ona
simplified model which was considered in Reference 115 and 160, In
this reference, heat flow to a surface in flat plate and in plane
stagmation fiow was considered when a steady, two-dimensional, laminar
boundary layer sxists, and when the flow velocities arc sufficiently
low to make dissipation negligible. It was assumed that the surface
releases a mass & and that this mass (for instance, carbon or bvdrogen)
reacts with the oxygen of the air stream moving over the surface, The
fluid propertiss are all postulated constant and having practically the
sams value for all components of which the air and the combustible
material exists. Scihmidt mmber and Prandtl number have the valus 0.7
vwhich means a lewis number equai to one, The chemical reactizs -ates
are assumed to occur very fast so thet the resction nrccess is

completely diffusicn controlled. Chemical equilibrium may be close
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to complete combustion. Fig. 11 shows as an example of the results
of this calculation the enthalpy profiles plotted over the wall.
disvance y. “he wall temperature is assumed prescribed. The full
lines irdicate the enthalpy profiles for vwarious mass release rates.
The peak in the enthalpy curves coincides with the location of the
flame front within which the combustion occurs. For very small mass
releass rates, the combustion occurs right at the surface, and the
enthalpy prefile is the lowest one indicated in the figure. Beyond
a fairly small release rate, the combustion front lifts off the
surface and moves with increasing release rate more urd more into the
interior of the boundary layer. The enthalpies presented by the full
lines constitute the sum of the sersible heats of all the components
of which the gas is composed. if the chemical anergy which can be
released by combustion of the local oxygen is added, ther the dashed
curves are obtained which indicate the total enthalpy profile: witn.a
the boundary iayer. These total enthalpy profiles have exactly the
same shape as the enthalpy profiles for « constant properiy fluid
without combusticn and with the proper mass release rate provided the
enthalpy at the wall is equal i, ad t‘.he enthalpy at the outer edge
of ine boundary layer is equal to the total enthalpy at that location.
Sensible heat and chemical energy of possible reactions have to be
included in the latter value, From this statement it becomes obvious
that the combustion process occurring in laminar boundary layer flow
of & fluid with constant oroperties and Le = 1 is included in Jts
offect on heat transfer when the heat flux is calculated with
—equat.ion (2-3) in which the enthalpy at the outcr edge of the boundary

layer comorises chemical energy as well as sensible heat. The hes’
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tranafor co={ficlent ¢un be Jeteruined from ecue ione (2«6) and (4-7).
This procedure aprlie3 to a situation in which the oxygen content at
the surface is zero. When the oxygen content at the surface is
difterent {rom zero, then the chemical energy corresponding to this
oxygen content must be included in the enthalpy of the gas &t the
wall surface,

The explanation for this behavior can be obtained by a reconsider-
ation of Section 32 and specifically of the development which led te
equetion (3-42). The discussion in that section was concerned with
dissociation. It may, however, be applied in the same way to any
chemical reaction within the boundury layer. Equation (3-42) then
indicates that the heat flux normal to the stream lines at any point
within the boundary layer is determined by the gradient of the total
enthalpy comprising sensidle heat, kinetie'exrgy, and chemical .
energy, and that 'it. is immaterial for this trunsport wvhether it occurs
as conduntinn of =ensible heat or as diffusion of chemleal enthalpy.
In Mg. 11, the transport of total enthalpy is purely by conduction
along the enthalpy curves in the region between the flame front and
the wall; it is by diffusion as well as by conduction alcng the dashed
part of the enthalpy curves in the outer region of the boundary layer
outside the flame front.

L. Lees developed in Reference |32 the laminar boundary layer
equations for plane and rotationally symmetric flow of a two component
gus mixture with chemical reactions and with mass transfer at the wall,
The continuity and momentum equations are the same as eqations (3-25)

 and (3-26). The energy equation is:
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Thv. total enthalpy I now contains chemical enevgy in addition to sensitle
heat and kinetic energy. D is the diffusion coefficient, w; the mass

fraction of the 1P

component (1 running from 1 to 2), 1, is the
enthalpy of the 1t'h component. The last term in the equation disarpears
when the Lewis number is equal ons. The fact that equations (3-29),
(3-26), and (4-8) are mot different there from thoss for a gas mixture
without chesical reactions, indicates that the velocity field anc the
total enthalpy field are not influenced by any oecurring reactions.
This holds for a mixture with constant propertiss and also for a gas
with §’(“ = constant and constant fr '\ﬂun the pressure along the surface
is constant. The last statement is easily verified by inspection of
the equatiors (3-30) and (3-31) which are the transformed equations
(3-25), (3-26), and (3-27). F¥or @/ = constant, C has the value 1,

svd for constant pressure P is equal to 0. The equations are then
the aquations for a constant property fluid., The snthalpy gradient at
the wvall surface determines the heat flux into the wall according to
equation (3-42).

The following rule for a calculation of heat uransfer in mass
transfer cooling and with chemical reactions follows from these
considerations: Ops calculates the heat transier coefficient frow

" the relations in the preceding section, for instance, with squation
(ii-7). The heat flux to the suriace is then calculated using the
right hand expression in equation (2-3) and interpreiing ‘' enthaip.es
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as total emihalnies containing sensible haat. xinetic emergy, amd
chemical energ> corresponding to possible reactions witain tie
boundary layer. This procedure holds sirictly for geses with constant
properties or with e consisnt, Pr = 1, amd constant pressure ard
in any case for Le = 1, It should be a good approximation when fr
s le are mot too different fxis ors and for woderate pressure
Zradients, especially whou properiies are again introduced at
reference enthalpy.

The mass release rate & vhich 13 required for this calculation
has to be obtained from overall dalances. In an evaporation or
sublimation process, for instance, it is fixed by the ensrgy balance
in Chapter 2 together with the thermodynsmic relation betwsen evaporation
or sublimation temperature and the pressure or partial pressure of the
released substance st the surface.

5. 1OW DRISITIES

In the discussion up to now, the fluid involved zus considered to
be a contimum. In reaiity, gases consist of individual mclecules
and this structure makes itself felt at low densitlies which, for
instance, are obtainsd in the flight of an aircraft st wvery high
altitnde, The purameter which cetermines whether the molecular

structure influences heat transfer and friction is the Xmudsen rmmber:

kaz (s-1)

1 indicates the mean molecular path length and L denotes a character-
istic dimension of the object involvad, The flow in & boundary layer,
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for instance, can be considered with good accuracy to be contimam
flow when the ratio of mean molecular path length to boundary luyer
thiciness has a value which is small ay compared to cre. With
increasing Knudsen number, the moleculsr structure makes itself felt
at first in the immadiate neighborhood of the surface of the object
by the fact that the flow slips over the surface and that the
temperature prcfile in the boundary layer has & very sudden change pear
the wall. This regime is referred to as glip flow regime. Simmltan=-
eously, an interaction betwsen shock and boundary layer usually begins
to influence the flow and heat transfer. (n the other end of the
scale of Krudsen r'wbers (large values) one encounters conditions
where the mean molecular path length is large compared to any body
dimension, ihis means that, after duing reflected from the surface,
an approaching molecule has practically no chance to be reflected
back and to hit the surface a second time. TIhis regi:iv is -2ferred
to a3 free molecular flow regime. In between this regime and the

81ip flcw regime is the transition regime in which the mean molecular
path length and the characteristic body dimension are of the same
order of magnitude, Ihe Kmudsen mmh r is uniquely related to the
Reynolds and HMach numbers. As a ¢ ° squence, the various flow regimes
cun be indicated in & diagran in which the Reynolds mumber is used

as abacissa and the Mach number as ordinate. Such a diagrar is
predented in Fig., 12 taken from Reference 422. The transition lines
betweer. the regimes are to 8 certain degree arbitrary., Compared with
a similar diagrsa in Reference 110, the limits between contimmunm flow
and tremsition flow have besn shifted to the left, because recent
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experiments in low density wind tunnsls indicated that the contimum
regime extends to smaller deynolds numbers than originally expected.

It has also bsen pointed out in Reference 1568 that the proper

conditions existing within the boundary laysr have to be introduced

into Aeynolds and Mach number in a detemination whether the flow is

in the ccntimum or 3lip flow regime. The dest values to use in such

& cage are probably velocity outside the boundary layer and the properties
at the prescure, temperature, and concentration ;s they exist within

the boundary layer at the surface of the object. It has been found

in Reference 168 that, in this way, practically all conditions under
which cooling of missiles ail satellites becomes critical are located

in the continuum regime. This is very advantageous because heat transfer
relations are much better established for this regime thun for the

slip or trensition regime.

a very simple relation for the heat transfer is obiained in the
free molecular flov regime for an object {lying with a hypersonic
velocity. For such a condition, the mean molecular wvelocity is small
compared to the wshicle speed V, and the molecules can be considered
ar practically at rest. This allows culculation in a simple way of
the mmber of molsculas vhich strike the vehicle as it aoves through
the gas. Ir €~ indicates the undisturbed density of the gas, and
M its molecular weight, then the number of mulecules per unit volume
is 9./&!. ‘he number of molecules hitting the object per unit time
is then given by the following relation:

—#ﬂ:—- va

in which a indicates the area obtuined when the wehicle is projected
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onto ¢ plane normal to the flight directivn. Sach molscule striking

the surfaca t.ansfers the following energy to thke object:
2

aH -
¢

The term a in this expression imiicates what fraction of the initial
kinetic energy the molecule transfers. This tarm is called accouodation
Sgefficiont. The numerical values for the accomodation coefficient
have to bs determined by measurements. They depend on the nature of
thy gas, on the nature and condition of the surface, and probably aiso
on the velocity ¥. Only limited information is available, Bxperimep’
carried out up to ~ow resulted in values between 0.3 and 2 for air
and for various  surface materials. Zrom the two equations statad above
the heat flow per unit area of Prejected surface and per unit time is:

Qo 5 G _ZV_3_ (s-2)
It is quite interesting to transform this equation into a Stanton
number. 1he total enthalpy of the 628 is practically only kinetic
energy. Therefore, I = 72/2. The enthalpy of the surfoce can be
comidondasn_rynncmaredto this value, so that the enthalpy
difference is also V2/2 and the heat transfer coefficient based on
enthalpies is:
By = gV
The Btanton number is therefore simply:

Sy = 3 Sa 5-3)

¢’
The Stanton nmumber is therefore simply equal to thi accomodation

coefficient if it is based on conditions in the undisturbed fluid and
on projectad area. Stanton mmbers for continuumn flow are usually
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by two or three orders of magnituce wmaller than this value, This
indicates the fact that a boundary layer serves as a kind of insulation
and decreases the energy trmfer between the molecules in the free
stream aad the object when it buklds up around an object.

6. TRANSITION TO TURBULENCE

A prediction of ths location on a dody where the flow wvithin the
boundarylmrc‘:hmesfmluinrtn turbulent state still has to
be based -Jrim;uy on emoirical information obtained in wind +wnmel
experiments and in free flight tests. An extensive literature exists
according to the importance of the knowledge of the transition point,
The reader has to be referred to the literature, axﬂonlyafwrm;b
can be made in this report.

Stability theory predicted thzt the tranaition point would be
dolayed by a decrease of the surface temperature so that vory large
transition Reynolds numbers are expected on objects with cooled surfaces.
A figure indicuting the results of such calculations il_coammd in
Reference 110, These vredictions have generally dDeen confirmed on
slender objects. Transition Aeynolds mumbers up to 10° have been
observed in wind tummel experiments and free flight tests, On the
other hand, conclusions dravn from stability theory were completely
contrary to observation on blunt objects. A considerable favoradble
pressure gradisnt usually exists on such objects over the region
which is covered by boundary layer flow, and from this fact one expects
the transition to be delayed. Experiments, however, slowed that the

——

WADC TR 59-&244 66




transition deynclde number based on distance x is of the same order
of magnitude ac on a flat plate under isothermal flow comditions.
Cool: ag of the surface was found to have very little effect on the
transition Reynolds number. IReference 367, for instance, reports the
results of experiments on sphere-cylinders and on ellirtis cylindars
at a ratio of total enthalpy toc wall enthalpy between 9 and 30 and
at a Mach mmber around 3. The experiments were performed in a shock
tube, and it was found that the transition occurred at a Reymolds
mmber based on momsntus thickness between 225 and 325 (the last
figure for an enthalpy ratio equal 30i. The trensition Reynmolds
mﬂeruadonlemhxmumn%,mmm6. From the above
figures it can be seen that cooling had no pronounced effect. The
shape influencod the transition leymolds mumber somevhat.

another observation for which a definite exzlanation is still
nissing is the fact that on slender objects turbtulent flow has deen
obeerved at extremely strong cooling of the surface and under
oonditions where the stability theory predicts completely laminar flow.

The momentur thickness as a function of the distance x has to be
known if Reynolds numbers based on momentum thic!:ess are to be used
for & prediction of the location where the lamipar boundary layer
chauo-a into a turbulent one. Csalculation of the momsntum thiclmess
is cousiderably more tedious than that of heat transfer. InRefersnce
438, lees proposes an iteration procedure by which ths momentum
thickness can be calculated for objects of arbitrarv shamz,
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A4 knowledge of the thermodynaaic and transport properties is
required for the gases participating in the flow when one wants to
svaluate any of the relations contained in this report. [Mor air, these
properties have been calculated in & large pressure range and up to
very high temperstures using the methods of statistical mechanics.

Such information is, for instance, contained in References LS anmd L27.
Only imdirect werification is available by the fact that heat transfer
coefficients measured in shock tubes at very high tempsratures agree
quite well (within 10-20 %) wvith predictions based on the relaticns
discussed in the previous sections and on the calculated air oroperties.
Viscosity, heat conductivity, and specific heat of air under conditions
close to thermodynamic equilibrium are presented in Fig. 13 for ome )
ataosphere pressure. The valuss have been taken {romatierems: 427.
Fig. 1l contains the frandtl mmber and the Lewis mmber describing
diffusion of dissociated atoms again for air at one atmosphere
pressure. It has been pointed out before that two definitions are

in use for the syecific heat and for the heat conductivity. Aocording
to one defiaition, the specific heat (cp‘) is based on the enthalpy
which contains not orly sensible heat but also the chemical energy.

The second definition bases specific heat (°p) on the sensible heat
only. In s similar wy, the heat conductivity can be defined by
considering the transport by heat conduction alcns (k), or by

including the snergy transport caused by diffusion (k'). The second
part is uniquely related to the temperature and pressurc since it is
postulated that conditions nsar equilibriua exist in the gss. Fig. 13
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shows that the difference between the values of specific healL and of
heat conductivity according % the two definitions is very large.

The values zccording to the definition which considers sensible heat
only have to be used in the relations presented in this report. The
rrandtl and lewis numbers in ig. 1l are based on the heat conductivity
k and on the specific heat® cp.

In addition, the connection between enthalpy and temperature has
to te iknown for calculations of heat transfer. For a gas in thermal
equilibrium, this connecticn is best obtained from enthalpy entropy
diagrams. (Mollier Diagram for Equilibrium Air, Avco Research Lab.,
aAvco Mannfacturing Corp., Everett, Hass., Jan 1957, #oliier Chart for
Air in Dissociated Equilibrium, NAVORD rep. LLL6, Naval Ordnance
Laboratory, Silver Springs, #d., 1957, see al=o Ref. }39).

The situation is considerably more involved in ¢~ wiitions on
mass transfer cooling processes, The determination of the properties
involvea in this process is usually the nost time-consuming prerequisite
for such calculaticns, especially when chemical reactions occur
within the boundary layer as they have been discussed in Section 42,
Information on the properties of the various constituents involived in
mass transfer cooling is usually quite restricted, and the calculation
of the properties of the various mixtures which is possible by the
methods of statistical mechanics is very involved, The reader has to

be referred to the literature for the determination of such properties.
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APPENDIX I
Use of temperacures or enthilpies in heat transfer calculations

has an influsnce on the energy balance describing heat exchange
between a wall and a mere component rixture, This will be demonstratad
in the following example, which considers flow over & mass transfer
cooled wall. The coolant may be denoted by 1. and it will be assumed
that the wall surface is impermsable to the gas 2 in the mair flow.
let us now £ix atiention to the mass flow of both components 1 and 2
through a plane a-a arranged in the gas just outside and paralliel to
the xirface. ‘[he mass release generates a convective velocity v
through this plane and . mass flux of componsnt 1 equal 1%y where

91 is the partiai density of 1. ‘ihere is alsv a maass transport by
diffusion of amount - @D( %;-1- ) Af ¥ indicates the mass fraction

w = -%l. The total transport of component 1 is:

0\:1 .
9&' - 99( -ry— )' z R . \a-i)

For component 2, the mass flow through the surface and therefore alsoc
through ths control plane a-a is zero:

%
ov,v - 90( -a-y-g)' 20 (1-2)
Now we consider the energy transport through the control plane. The

energy flux per unit time and area may be denoted by q'. According
to equation (3-38), the energy flux is:

a .
q' = -k( %g)u +@wviyt pworl, - @D, ( 1;2'-)' - ema(%;z-)' (1-3)
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This energy flux must be equal to the flux through - control
plans L-b arranged in the solid wall just beyond the intarphase. The
inte~.hase moves continuously towards the intericr of the wall because
of the mass release. A mass flow of solid material with the mass
velceity m exists, therefore, through the plane b-b, which is considered
fixed relative to the interphase. A corresponding energy flux Ly
convection is iis, where i s indica‘es the enthalpy of the solil material.
Another energy transport by conduction may be indicated by Qg

Conservation of encrgy requires:

Q' T q ¥ i, (1-L)
Introduction of equation (I-1) into (I-3) results ia:
q = - k) + iy -1 (1-5)

We have here obtained the result which was expressed in ¢'apter 2 by
equations (2-3) and {2-9) with the exception that no vs.iatiop was

considered in the present derivation.

ithe heat flux Qg Bay now be expressed by the enthalpy gradient in
the gas mixture. Witk m = ¢ and equations (1-3) and (I-4) one obtains:

ow Ow .
ap = = [KCFDy+ gor 3R+ 0t 2] 8 [0ty wpty) - 4,

The first temm in this equation is iduntical to equation (3-36), since /’

d ow ;
in a two-compenent-mixiure -5’2 = - Tyg and since 1, 2 1) - 1,. v -
For a gas mixture with le = 1, the first term takes the shape of

ecuation (3-42/, and the heat flux q4 is:

ot A R TR (1-6)

i is the total entlalpy of the gas mixture, i, indicates it vslue at

the interphase, amd is {s the enthelpy of the sbtating matorial av wall
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surface temperature and in solid :tate.

In equation (I-5), on the other hand, the enthalpy i1 of the
ablating material in tne gaseous state and at wall surface temperature
takes the place of iv in equation (I-6). The enthalpy 11 can be more
easily determined in most applications than 1“, and the form (I-S) of
the beat flow equation is therefor: preferable. In the use of heat
tranafar coeflficients for muss transfer cooling, one has to watchk
carefully whether the coefficient was defined by equation (2-3) or
by a definition .:hich replaces the temperature gradicat in this equation
by on enthalpy gradieni as sugrested by equation (I-6). For a gas with
properties depending on temperature only there is no difference
between i, and i,, and doth equations (I-5) and (I-6) become identical.

—
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A2rBNDIX I1
The mass fraction L7} of any of the components in a two-component
mixture 1s determined by a diffusion equation:

e(u—%;&-fv-g-;-i-): %;(gnlz%;—i-)-r oo, (11-1)
LY denotes the production of the species i by the chemical rezaciicn
per unit time and volume.

The diffusion equations can also be written in “pseudo-mess-frantions"

;i' A pseudo-mass-fraction gives the mass fraction of an element in
the aixwure regardless in what compound it is contained. The pseudo-
mass-fraction of oxyzen, for instanca, is the ritio of the oxygern mass
to the total mass of the mixture regardless whether oxygen occurs as
o, 02, C:O2 or in any other compound. so element is destroyed or
created in a chemiczl reaction. Tharefore, the diffusion equft.ion in
pssudo-mass-fractions reads:

hEN ow p) ov
4 i, . -1 351
9(‘1 T’s + v T‘y ) - 5,‘ ( ?Dlz ay ) ( 2)

For a gas with Pr = 1 and le = 1, equation (II-2) has the same
form as the energy cquation (4-8). This fact can be utilised to
calculate the composition of the gas throughout the boundary layer and
a’ the wall surface, L. lees carried this idex through in various
examdles (Ref. 432).
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A2RMDIX IIX
Litersture
In this apperdix, literature on the subject of heat transfe: at high
velocities is collected, which has been published since 1956, Previous
literature is included only iugofar as it is needed for reference.
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