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A theoretlical model of evaporative film cooling was developed
for blunt bodies indicating the effect of mass transfer on heat
transfer for Prandtl and Lewis numbers unity, The velocity of the
liquid film at the gas~liquld Interface is assumed to be so small
that the gaseous phase Is unaffected, This assumption was verified
aposteriori by a numerical example from the analysis, With this
approximation the effect of mass transfer (evaporation from the

" liquid fiim) on heat trensfer from the gas-phase boundery layer wes

t



obtained from the literature on transpiration cooling. The velocity
profile through *he llquid film was found to be identical %o that

of a Couette flow with pressure gradient, For an Insulated body
surface it was argued that the temperature would be spproximately
constant through the 1lquid film¢ The solid=liquid state curve

for water in a coolant film on a blurnt body and cone surface was
delineated from the analysis for typical flow conditions in a high
temperature hypersonic wind tunnel, Good agireement with the theore-
tical tiquid=ice boundary is noted for evaporative film cooling
experiments on a cone; a delayed freezing of the water in the
coolant film on a hemisphere was atii-ibuted to the initial heat

content of the coolant at injection,

Evaporative film cooling experiments were conducted on
hemisphere~cy!inder, blunted cone, and flat~faced cy!inder models
at Mach Number 6,8 in a high temperature hypersonic blowdown wind
tunnel at the Rosemoun?t Aercnautical Lesboratories, Experiments were
primarily concerned with determining the heat transfer from a high
speed, high temperature airstresm to varlous bodies, pertlcularly
when the surface of the model is covered with en eveporating liquid
filme In order to establish the insulating characteristics of an
evaporating film, various measurements were made to determine the
properties of the flow field and serodynamic hea? ‘ransfer in ‘he
absence of mass transfer under identical freestream conditions,
Local flow conditions at the edge of the boundary layer along *‘he
mode! surfaces were obtained by isentropic flow relations between
the stagnation point and the loca! surface pressure measured at
subsequent stations, The shape of the bow shock and shock detache-
ment distance was evaluated from shadowgraph and schlleren photo-
graphs of the flow about a hemisphere=cy!inder body with airsiream
stagnation temperatures from IlOO° to 2500°R. The bow shock detach=
ment distence for a flat-faced cylinder is compared with theorles

of Probstein and Serbin, as well as experimental results of other
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Investigators, The lasminar heat transfer distribution over a hemisphere-
{

cylinder body without evaporative film cooling was measured to be

within £ 28 of the local similarity theory.

Calculated interface temperatures are in good agreement with watl
temperatures measured around a hemisphere and on the flat-faced
cylinder when insulated with a water film for experiments-in the
hypersonic wind tunne!, Heat transfer from the evaporating fiim to
the model surface was determined by the transient technique for the
flat-faced cy!inder, Under these conditions heat transferred from
the boundary layer to an evaporating film was determined to be 0,73
of the aerodynamic heat transfer without mass transfer as compared
to a value of 0,785 obtained from theory, For practical rates of
coolant injection, difficulties in establishing a uniform liquid
film over the surfaces of the heat transfer models led to the investi=-
gation of coolant injection on a stagnation point model under steady
state conditions with nearl!y zero heat transfer to the film, An
axisymmetric air jet impinging normally on a plane tocated about one
nozzle. exit diameter away yielded a region of stagnation point flow for
r/R<1,5, Techniques were developed for establishing a uniform water

film over the region of interest.



FORWARD

This final report describes results of aerodynamic and heat iransfer
studies with evaporative cooling a' hypersonic Mach numbers carried out
by the University of Minnesota for the United States Air Force, Air
Force Office of Scientific Research, Alr Research and Development
Command, under Contract AF 49 (638}=~190, The contract was monitored
by Mr, I. R, Schwartz, Mechanics Division, Oifice cf Sclentific
Research, until June 15603 by M, H. Wolky, from June to November
1960 and by Lieutenant H, Altum since November 1960,

This research was performed at the Rosemcunt Aeronautical Labora=-
tories, Institute of Technology, Unlversity of Minnesota, under the
direction of Dr, R, Hermann, Technica! Director, Hypersonic Facllities,
until Januery 15, 1962, and af terwards Director, Hypersonic Laboratory,
Administration of the contract at the Univers!ty of Minnescta was
provided until January 15, 1962, by Professur John D, Akerman,

Director of the Rosemount Aeronautical Laboratorles, and afterwards

by Or. R, Hermann, Director of the Hypersonic Laboratory,

Portions of this investigation have been reported at a number of
scientiflc meetings., Various aspects of this research have been
reported in papers published in the Proceedings of the S§th AFBMD/Aero=
space Corporation Symposium on "Ballistic Missile and Aerospace
Technology® (Reference 44), the IX International Aeronautical Congress,
Stockholm, 1960 (Reference 37), ihe !4th and 15th Annual Technical
Conferences on "Electronic Data Precessing and Space Technology",
(References 42 and 43), IX Internationa! Astronautical Congress,
Amsterdam, 1958 (Reference 26), and the 6'h Technical Conference of
the Rosemount Aeronautical Laboratortes (References 22 and 40),
References 10, 41, and 45 must also be cited as publications origina=

ting under this contract,

In the course of an investigation of this scope and duration, the
authors are mindful of the contributions of many former assocliates and

students, Particular mention must be mede of the significant contri-~



buttons made by J, Stankevics, K, Thompson, G, Thornberg, and M, Luger

in design and execution of the experiments,
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AERODYNAMIC AND HEAT TRANSFER STUDIES WITH EVAPORATIVE
FILM COOLING AT HYPERSONIC MACH NUMBERS

le JIntroduction

Hypersonic re-entry vehicles encounter considerable aerodynamic
heating at their surface, Radiation providesa so-called natural cooling
of surfaces exposed to high heating rates for long durations of time, eg.
hypersonic gliding vehicles, If the radiation equilibrium temperature
is still too high for the skin material or for structural reasons,

artifical cocling must be provided,

Mass transfer cooling by means of transpiration or evaporaetion of
meterial is recognized as a very atiractive method for protecting sur-
éaces exposed to a high temperature, high velocity airstream, 1In
transpiration cooling air or a light foreign gas, such as helium or hydro=
gen, is injected through the porous walls, with the porosity extending
over the whole surface that requires protection., Well known is ablation
cooling, where the outer layers of the skin material melt and vaporize
or often sublime directly with simultaneous chemical reactions, It has
been successfully applied for re-entering nose cones, With gaseous film
cooling a foreign gas is injected, for Instance, at the stagnation point

and forms a gaseous film over the body,

The method of evaporative film cooling utilizes & change of state
at the surface to aid in the cooling precess, In this case, a liquid
coolant is usually injected through a single orifice at the stagnation
point from where it forms a surface film due to the shear stress of the
air flow along the wall, This liquid Is evaporated, thereby, keeping the
surface temperature below the local bciling point of the coolant,
Evaporative film cooling has been investigated and used by these authors
for the cooling of high temperature hyperscnic wind tunnel nozzles since
1954 (References | = 3), Coolant is injected through a thin strip of
porous plate in the subsonic region near the nozzle throat, A stable water
f1im could be established on the nozzle walls downstresm Into the supersonic



region, which kept the surfaces completely coo! (about 560°R) wi th
airstream stagnation temperatures of 2000%R. Since 1957 the method has

been applied to blunt bodies in hypersonic flow,

For transpiration cooling, porosity distribution must be precvided
according to the expected heat transfer distribution to minimize the
total coolant required, With evasorative film cooling, evaporation from
the liquid tayer is self-regutating according to the local heat transfer
conditions, Obviously a large enthalpy of evaporation is desirable for
this method, Moreover, only a smal! number of relatively large holes or
slots are needed, while for transpiration cooling & large surface area
with very small porosity is required, which involves a danger of clogging,
The inherent advantage of evaporative film cooling for hypersonic re-entry

vehicles from this aspect is obvious,

Evaporative film ccoling is especially attractive for vehicles of
long flight duration such as a hypersonic glider, The persistence of
cooling downstream of the termination of the film and general simplicity
of operation lends the method to practical engineering applications. The
results from this research are becoming especially timely with current
emphasis on development of hypersonic glide vehicles such as the Dyna=Soar,
In these investigations water was used as a coolant for the reasons that
it has well known thermodynamic characteristics and a large heat of
evaporation, However, other coolant may be more desirable for specific

missions,

2, Similarity P | E tive Film Cool] ¢ Blunt Bodi
This analysis is particulariy concerned with the reduction of heat
transfer to a body when insulated with an evaporating fiim continuously
suprlied by the body itself, Heat transfer to an evaporating fiquid film
formed when a solid surface melts and flows under the influence of aero-
dynamic forces exerted by the air flow has been studied by a number of
investigators (References 4 - 9), Bethe and Adams (Reference 5) gave an

2



approximate analysis of a melting liguid film (for highly viscous, glassy -
materials) at the forward stagnation point of a blunt body, More recently,
Hidalgo (Reference 9) generalized the treaiment of Reference 5 for the
case of laminar and turbulent heeting of ablating glessy materials, Lees
(Reference 7) obtained the similarity parameters for a simplified model

of the twowphase boundary layer prcduced by surface melting in which

veporization does not occur at the g=s=-1iquid interface,

The two-phase boundary layer produced by an evaporating liquid
film that insulates a blunt body from a high temperature gas stream will
be treated in this investigaticn along the lines of Lees analysis of
ablatfon, but taking into eccount the effect of heat blockage by mass
addition to the gas phase, A model of evapcrative film cooling of a blunt
body with stagnation point coolant injection is shown in Figure I, Coolant
is continuously injected over a small area with a radius X around the
stagnation point from where the film develops aleng the solid wall with a
thickness 6L due to the shear stress cn the interface exerted by the gas
boundary layer of thickness 69. Typical caleulated values of 6L for our
exper iments are about 0,008 and 0,001 inch in the stagnation point region
of a hemisphere or blunt cone respectively, ODue to these small dimen-
sions, the film thtckness has not been measured on the wind tunnel
models, but only obtained by cualculzation, In the case of film cocoling

of a Laval nozzle, 5§ at the throst was calculated by a corresponding

methcd to be 0,0002 %nch and was determined by experiment to be

6L<.0.001 fnch, otherwise its effect on the Mach number distribution
could have been detected (Reference 2, 3), Evaporation occurs at the
interface between liquid film and gas boundary layer, thereby keeping the

surface temperature nearly at the focal bolling point of the coolant,

Figure | shows also a region of the body farther away from the
stagnation point with a typicel temperature profitle, with T‘>1}.
Film coolling corresponds to the case of a "sfrongly cooled wal " T'<s Tr;
for re-entering vehicies the interface temperature is usually slightly
above the free stream temperature, namely 492°R to about 960°R (see
Reference 10},



The profiles of velocity u, total enthalpy H, and water vagor mess
fraction K are shown in Figure 2. !f we 2ssume Pr = | and alsc the
Lewis number of diffusion of the water va.or into the air Le = 1, the
profiles are all similar to each other and h=vve equal boundary laver
thickness., The profile for the mass fraction Is similar but reversed

"to the two other ones, The similarity is only valid for the profile

of the total enthalpy, not for the static enthzlpy or static temperature,

Both the gaséous portion of the beoundary layer end liquid film are
assumed to be laminar, This assumption wil! generally be satisfied in
the neighborhood of the forwarc stegnetion peint of & re-entry body and
adequately describes the situation for the experiments reported herein,
Furthermore, the velocity of the liquic¢ film at the gas=liquid interface
is assumed to be so small that the gasecus wvhiese is unaffected,
Consequently, the results obtained from transpiration cooling are directly
applicable to the gaseous boundary laver on an evapo;ating Viquid film, .
where the blowing rate is replaced by the rate of evaporation, As a
result of this last assumption, our atlention may be directed to the

liquid layer, specifically water,

Be tween the freezing and boiling roints, the specific heat and
thermal conductivity of water change by less than two percent as compared
to an 84 percent variation of dynamic viscesity, The physical properties
of the liquid water film may then be taken constant except for a veriable
viscosity, If the Reynolds number based on a characteristic length is
large, then the equations of motion for the liqulid film are identical to

that of an incompressible gas boundary laver with only variable viscosity,

Continuity (ru)x + (rv)y = 0 tn
Moment +wu, =+ oy -4 (2)
um w + v y 5 guy y 5 P
T =
Energy pcp(u.x + va) up_, + k(Ty)y (3)

where viscous dissipation has bsen neglected in the energy ecquation,

The contlnuity equation may be formelly integrated across the film



thickness to yleld

3
- =4 4 L
tv) = tpv), = = & ( rp, udy] 3 Ogxgx, t4e)
8, °
- - +& 4 :
or (pv)’ - dx( re f udy) LEE N (4b)
(o]

where coolant is injected through en orifice of radius x = Xy at a
rate (pv)w. The velocity profite through the liquid film may be

obtained from the momentum equation as fol lows,

For Reynolds number of the flow in the liquid film, based on fiim
thickness, of the order of one, the inertia terms in the momentum equation
may be neglected (ref, 9), Making this approximation, the momentum
equation simplifies to the Navier=Stokes equation of Couette flow with
pressure gradient (ref, 46}, only retaining a variable viscosity, The
momentum equation can then be directly integrated to yield the tangential
velocity in the liquid-phase boundary layer,

y Y
u=u, + (u.uy)i ( ﬂl + P ( ﬁ dy (5)
. o )
Although the viscosity through the liquid layer is a function of tempera-
ture, 1t may be assumed constant as will be shown directly, For this
purpose let us consider the energy equation written for the nelghborhood

of the stagnation points

pc vT = kT (6)
Py Yy
Integrating equation (6} across the 1iquid layer, we obtaln
pc S
-0
Ty = (Ty,i exp ( . , vdy) 7N

In general, for steady state conditions,

(T ) = 0 for x3x (8)
y'w o

The only way that equation (7) can satisfy the boundary condition at the
body surface, equation (8), is that the temperature be constant across
the liquid flim near the stagnation point, Using this result we may teke

5



both L and k to be constant twraugh the 1isuid film, Equation (5) then

yields, y2
A
= +
u=u + y(uy)i 3 {9

which is eguivalent to equation (%,3) «f refereonce 46 for a Couette flow

with pressure gracient,

The velocity gradient cn the liauid side of interface may be related
to the shearing stress exerted tv the gasicus bcundary layer, The shearing

stress at the interface is given hv (Reference 1),

(1:9)i = (L.'.uy)g,i - (pv)iui {gas) (10)

. The ccndition that the shear stress is continuous across the gas-liquid

interfzce is given by

Cetpu ), . = tpu) . (o
BT, Hiylg, i

1f we tentatively assume that the velocity of the liquid film at
the gas-liquid interf:.eis so small that the geseous phase is unaffected,
then the shear stress acting cn the tinquid film is equal to the value **
it woulc have at & permeable wull wifh transpiretion cocling representing

the effoct of evaporation from the film,

o)
(‘t’g)i = (',x.llly)g’i - (5x41ui = °(““y)t,i

Using the condition of no zlip at the wall, i,ce, u = 0 for y = 6L

(12)

together with equation (12), the velocity srofile given by equation (9)
can be written
T P >
u = -uJL‘-ﬂl (8= v + 5&- (y“-6L2) (13)
L
substituting this result into equations (4), the continulty equation may

be integrated with respect to x te yield

x .
20 8 244,
2 - N —h. -
6, (1 3,5 i) = rqub i [ ri lpv) = (pv)) dx t14)
L]

(o}

where the rate of coolant injection at the wall is prescribed,

6



The !iquid film thickness can be obtalned from equation t14) once the
rate of evaporation and sheering stress (Tg !l sre determined, The

9
shearing stress at the Interface can be epprox!mately related *o the

heat transfer rate by means of Reynolds analogy,

TR H =H -2/3
T?nTi = -ﬁ-—l (Pr ) (s)
gl e

Consideration of the convective and diffusive mass flux of the
coolant vapor and of the air at the gas=iiquld interface furnishes

(Reference 12),
)

(pD '
(pv), = = =l (k3. (16)
i | - K' y'i

The corresponding equation for the heat flux expressed In total enthalpy

derivative Is

= &
Qg' = c, (Hy’f (17

Assuming that the Prandt! number and Lewls number are unity, the profifes
for total enthalpy H and mass fraction K are simitar; then combination

of the last two equatioris glves

3 K
(pv)I He‘H1 T K# (18)

The mass fraction of coolant vapor at the gas-tiquld Interface is
obtained as a function of vapor pressure from Daltont's Law

-1 M p
kK, =1+ == (=2 _ ) (19)

' ML Pvi
The partial pressure of the coolant vapor at the. Interface Is In general
o fuction of temperature and rate of evaporation, For a finlte rate of
mass transfer from an evaporating surface, the following expression Is
obtalned for the rate of eveporation as derfved from kinetlic theory
(Reference 13), ‘

SIS
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Scala (Reference |4) showed that when o is sufflciently large, the

process Is diffusion controlled and then ovcgtnv )' even though the

; eq
rate of evaporation is finite, Values of vapor pressure are usually

tsbulated as a function of saturation temperature In the !lterature
feg., the vapor pressure of water can be obtained from Table 9 -~ Sa

of Reference 15), Experimental values of the evaporation coefficient o
are sub Ject to wide disagreement, For water, values of o = 0,04 have
been measured (References 16, 17); the most rellable results indlicate
that a is of the order of one {Reference 18), Consequentiy, we shall

take o, = (pv )'. Equation (19) then relates the mass fractlon of

eq
coolant vapor to the temperature at the gas-liquid interface,

Combining equations (14), (15), (18), and (19), we obtein an
expression relating the fiIm thickness with the temperature at the gas-
tiquid Interface,

X

By ) 2 (H_ =H ) i d_. (H_~H.)

8 (l - Lz/s) g R s . f r[(py)w- HSLFLL 9 (21
314 ), ugtPry) F pLug (3 ) tPr ) ) Yo% - )

v v
i
A very good esfimate of the temperature at the gas-liquid interface mey be

obtained from an elementary heat bslance, The heat transferred from the
geséous. boundary layer to the evaporating film is

(&g)' = (QL)' + (pv)'Lv (22)

where (§ 1, = = k(T ) (23)

y Lyt

It should be noted that as used In equation (22), Lv denotes only the
tatent heat of eveporation and does not include the enthalpy change In
going from the coolent reservoir temperature, Tc’ to T', which was

Included In Lv 8s gliven in reference 10,

We should notice, however, that In the neighborhood of the stagnation
point Ty = 0 for x 3x,, so that (QL'l' = 0, If we take this to be
generally valid then we obtaln ' '

(4
tov), = _L.L'. (24)

v



Combining equations (18), (19), and (24) we obtain an implicit relation=
ship for Ti:

M <] L
Y ( o 1) ) X 3%, (25)

since Pyis Lv and Hi are only functions of TI‘ It must be observed
from this last result that the temperature of the gas=liquid interface
is practically independent of the coolant reservoir temperature for °
an insulator-type=body, However, In the region of coolant anochon;

X €X
éo,

(&L)l = (pv)w cpc (Ti-Tc) (26)
or combining equations (18), (19), (26}, with (22) we obtain

(pv)w cp (TI-TC)

Mg (p )[ [ } Lv
£ .1l - a ;] xgx {27)
Mv pvi (Qg)i He-Hi o

where the Interface temperature is now observed to be a function of

the coolant injection temperature,

Evaporation from the liquid film into the ges boundary layer
reduces the heat flux and shesring stress at the gas-liquid interface,
This so-calied heat blockage, defined by

¥ = (&g)l/&o (28)
is given by
M 3'26 (pv)
¥ = | -0,68 (‘JM WATIE'R) (29)
a o e i

for laminar stagnation point flow as obtained from correlations of
numerical solutions of the transpiration cooled boundary layer case
(Reference 9), Substituting for the mass flux of evaporation from
equation (19), the heat blockage factor mey be expressed as a function

9



of coolant vapor at the interface,

. 0.26 .
-1 Y 5
v~ =1 +0,68 (M ) R (30
a i

Combining equations (19), (28), aand (30) with (27), the temperature at

the gas-liquid interface for XEX is determined from

. 0.26 }
Mo tov),, <:pc(.i T " (pv)w' cpc(Ti T L,
-,f (-ﬂ - 1)‘1 - 7 ]- o.,ss(-,f‘) —3 = o (30D
v Py, o a 0 e i

In the absence of evaporation, the heat flux qo to a blunt body can be
cbtained from the published literature, e.g. Reference 19, using the
mod!fied Newtonisn pressure distribution to determine fluid properties

at the edge of the boundary layer,

The insulating properties of an evaporative liquid film on a blunt
body in hypersonic flow can be calculated from the results of this
simplified theoretical model, With conditions at the edge of the gaseous
boundary layer and coolant reservoir temperature and injection rate given,
the temperatures at the gas~liquid interface cen be obtained from
equation (31) for x¢ X and from equation (25) for XX o The interface
temperature determines the mass fraction of coolant vapor at the interface
from Dal ton's Law, equation (19), The mass flux of evaporation can then
be calculated from equation (18) using equations (28) and (30) to determine
the heat flux to the evaporating film, These results permit us to
calculate the film thickness from equation (21) with the liqulid velocity

at the interface evaluated from equation (13},

In order to access the accuracy of the various assumptions intro-
duced in this analysis, let us examine the results for several typical
cases of evaporative film cooling of a blunt body in hypersonic flow in &
wind tunne!, The development of 2 water film around a 0,5 in, diameter
hemispherical nose of a 10° half angle cone will serve to illustrate the

{0



Imoortant results of this anelysis, In the experimental model, water
was injected through six 0,0225 in, dlameter orifices, one located at
the stegnation polint with five at a radlus of 0.0313 tn, The rate of
ccolant Injectlon at the wall was calzulated from the total rate of
coolant ?low assuming that the effective area of the orifices was

equal to 0,6 of the gecmetlric area, Ag Tee,

6 x 0,6 Ag (pv)lw = hc (32)

for six orlfices,

In the theoretical model coclant was assumed to be injected uniformly
around the stagnztion point over an 2rea determined from continuity

considerationss

X 2 (pv) = & {33)
o w c

The properiies of an evaporating water fiim on the nose of this model
were calculated from the analysis for Mbo = 7 and P° = |0 atm, with

airstreem stagnztion temperatures of 1200 and 2000°R.

; The interface temperature distribution around the hemispherical
nose, calculated from equaticn (2%), is plotted in Figure 33 the coolant
reservoir temperature, Tc’ was assumed to be the same as the temperature
at the gas-liquid interface for simplicity, The heast transfer distri-
bution in the absence of evaporation was obtained from the results of
Reference 19, It must be observed that the interface temperature is
rather insensitive to airstresm stagnation temperature over the range
indicated In Figure 3, A somawhat unexpected result cf the analysis
is the fact that the interface temperature does not depend on the
physical size of the body as Indicated by equation (25), For an
insulated wall, ice formation In the coolant film is expected to start
at @ = 66° for To = (200°R and @ = 72° for To = 2000°R, given by the
condition that the Interface temperature is equal to the freezing point

of water,
1



Both *he mass fractlion of water vapor at the fiim interface and
heat tlockage are strongly dependent on the driving enthalpy potential
and are very neariy consiant around a hemisphere (refer to Figure 4),

a significant result, With My = 7 and P° = 10 Atm,, a change in the
airstream stagnation temperature from 1200°R to 2000°R approximately
doubles the heat blockage (| =) and mass fraction of water vapor at
the Interface. Since heat blockage is neerly constant around the body,
coolant flow rates necessary to establish an evaporating film over a
blunt body can be reasonably_estimated from the requirements at the

stagnation point, The heat transfer distribution without mass transfer

can be calculated from the locally similar solutions glven in Reference 19
for thermochemical equilibrium conditions,

The rate of evaporation from the water film on the hemispherical
nose of the cone model is plotted In Figure 5 for two airstresm stagna-
tion temperatures, Fcr a constant wall temperature, local similarity
for the gaseous boundary layer requires that

{pv), 4.

W)-L = 'aﬂ'" (34)

e iys gl,s

" €omparing the rate of evaporation with the heat transfer distribution
shows that this condition is very nearly satisfied around the hemisphere
and in fact differs at most by only 5 percent, This result is a
consequence of the fact that the heat blockage is nearly constant around
the body and the veriation in the latent heat of vaporization with
interface temperature is rather small, Hence it would appear from the
results of the similarity parameters analysis that the concept of a
focelly similar boundary layer could yield valid results for evaporative
film cooling of blunt bodies.

Integrating the rate of evaporation over the hemispherical nose
ylelds the result that 0,00645 g/sec of water will evaporate for
To = 1200°R end 0,0125 g/sec for To = 2000°R, The rate of evaporation

12



and consequently the total amount of coolant required ngend on the

physical size of the body as expected.

1t should be noted that the heat transfer and all the propert!is
of the coolant fiIlm discussed up to this polnt are independent of
coolant flow rates, However, the f1Im thickness and velocity at the
interface depend on the rate of coolant injection, These properties:
are plotted in Figures 6 and 7 for & coolant flow rate of 0,10 g/sec,
giving (;'.w)W 2 9,19 g/cmz-sec for xXex = 0.08 cm (6&7.|67°). The
effect of the pressure gradient term was neglzcted in these calculations
(see equations (13) and (14), This simplificetion, however, is not
expected to change the results by more than a few percent, at most, The
film velocity at the interface is only 5 ft/sec at the most and Is
generally less than two percent of the local air velocity at the edge
of the boundary layer, This result confirms the assumption made in the
analysis that the velocity of the liquid film at the interface is so
small that the gaseous phase boundary layer Is unaffected, Since the
shearing stress at the interface of the coolant film varies as (té)ia—x
in the neighborhood of the stagnation point, the fiIm thickness varies

1/2 around the nose, and decreases to a minimum of about

nearty like x
0.5 mil around © = 48° and then starts to increasse rapid!y approaching
the junction of the hemisphere-cone, The Reynolds number of the liquid
film, evaluated at the interface and based on film thickness, is plotted
in Figure 7, For the specified rate of coolant injection, the Reynolds
aumber reaches a maximum of 36 at a station about 12° from the stagnation
point, 1! would sppear then that the inertia terms in the momentum
equation for the liquid film are rather small and can, for all practical
purposes, be neglected in comparison to the viscous forces, The

Reynolds number based on nose radius (appropriate to the steagnation
point) is of the order of IO4 so that the flow in the liquid layer Is
adequately described by the usual boundery layer equations, Both the
film thickness and velocity at the interface vary directly with the

squere root of the rate of coolent Injection, It should be noted that
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for this example only 6,5 percent of the injected coolent evaporates
from the hemispherical nose of the ~one for T° = I200°R, and 12,5
percent for T = 2000°R,

The solld=liquid state curve for water in the coolant film on a
blunt body (eb) and cone surface (ec) is plotted in Figure 8 as s function
of airstream stagnation temperature for Mach number 7 and Po = |0 atm,
The boundary between the ice and liquid states was determined from the
condition that the temperature at the interface, calculated from
equation (251, corresponds to the ice point, T, = 429°R, The static
pressure at the surface of the body which enters into the calculation
of the interface temperature was obtained from Newtonian theory for the
blunt body and from cone theory, For a given stagnation temperature
and cone angle below the shaded line GC(Ti = 4920), the temperature of
the interface would be below the ice point and water would not exist

in the tiquid state (except for possible subcooling),

The semi=included cone angle corresponding to an air temperature
of 492°R at the edge of the boundary layer i3 included in Figure 8 for
purposes of comparison, For a given stagnation temperature and cone
angle a finite amount belcw the line ec(76 = 492°R), the air temperature
at the edge of the boundary layer is below the ice point, Therefore,
water in the outer portion of the boundary layer would be in the solid
state, possibly in Ifce crystals, except for possible subcooling, For
a cone angle of l3.6°, the temperature at both the interface and edge
of boundary layer would be 492°R when the airstream stagnation tempera=-
ture 1s 2960°R with Mm =7 and'Po = |10 atm, The mass fractlion of water
vapor at the interface of the coclant film on cones corresponding to
the liquid=ice boundary in Figure 8 is plotted as a function of airstream
temperature in Figure 9, It must be observed that the mass fraction of
water vapor at the interface is nearly a |inear function of airstream
stagnation temperature and serves to emphasize the Importance of the
_enthalpy potential co'nfroH‘l‘ng the process.
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3. Experimental Investigation

This experimental investigation was primarily concerned with
determining the heat transfer from a high speed, high temperature
alr stream to various bodies, particularly when the surface of the
mode! Is covered with an eveporating liquid fiim, In order to estabe
Ifsh the insulating characteristics of an evaporating film, various
measurements were made to determine the properties of the flow fileld
end serodynamic heat transfer in the absence of mass transfer under
identical conditions, Results obtalined with evaporative film cooling
of hypersonic nozzle throats (References 2 and 3) naturally suggested
the application of this technique for protecting blunt bodies exposed
to intense heating rates, This method seemed attractlive not only for
maintaining the structura! Integrity of the surface but perhaps even

more important the aerodynamic shape of the body,

A uniform water film could be established on the walls of a two=-
dimensional hypersonic nozzle in the neighborhood of the throat,
Coolant was introduced through a porous surface located upstream of
the nozzle throat where the Mach number was about O.l, Similar
results could be expected for blunt bodies, with the coolant introduced
neer the stagnation point corresponding to the subsonic region of
the hypersonic nozzle, Obviously, the establishment of a coolant film

over fhe body was crucial to these experiments,

A hemisphere=cylinder body was inltially selected for experiments
on evaporative film cooling, This geomeiry, however, introduces an
added complicetion in that a pressure gradient will exist along the
entire surface of the model, With this in mind, an experiment was
conceived to study evaporative film cooling on a cone In a region
where the static pressure Is nesrly constant along the surface,

Because of difficulties experienced In establishing & 1iquid film over
the model surfaces, techniques of coolant injection were finally studied
in detall on large scale models which simulate stagnation point flow,

A detailed description of the models and experimental faclilties is
followed by & discussion of results,
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36! Models

3,1,1 Hemisphere~Cy|incdar Models

An examination of the flow fleld about various size calibration

models in the hypersonic wind *unne! (described below) indicated that

a 3=inch diameter hemisphere=cylinder model was satisfactory for this
Investigation. The bow shock reflected from the tunnel walls intersects
downstream of the model, Runs as long as 90 seconds duration could be
obtained with this size model, Some of the details of instrumentation
of the hemisphere-cylinder models sre given in Figure 10, A 3=inch
diameter pressure distribution model was machined from brass with a
I/2=inch wall thickness, The cylindrical portion of the model is 10
inches long (3,33 D), Fifteen (15) = 0,046=inch diemeter pressure
orifices were located in a spiral of cne revolution on the hemisphere;
10 - 0,093=-inch diameter pressure crifices were located on the cylinder
of the model, also arranged in s spiral of one revolution at 30°
intervals around the azimuth in order to reduce any interference
effects, Four pressure orifices of the same size were located on the
base of the mcde!, Surface pressures on the hemisphere were recorded
on a multiple tube mercury mancmeter; the pressures measured on the

cyl inder and base were recorded on a multiple tube silicone ofl
manometer, Mode! surface temperatures at the stagnation point, sphere=
cylinder junction, and on the base of the model were monitored on

Brown self balancing recorders,

The hemisphere-cy!inder heat transfer model, identical in size to
the pressure distribution model, but having a O,10=inch wall of constant
thickness, was machined from Hastelloy <X, (See Figure 10), This model
was supported on an insulating base secured to the sting in order to

reduce hea? conduction from the model skin into the support,

Coolant (water) could be injected through 7 = 0,0225~inch diameter
orifices, uniformly located about the stagnation point over an area

corresponding to approximately ¢ = 3°, Injection of coolent through a
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discrete number of orifices was expected to reduce sensitivity to
mode! angle of attack, thereby effecting a more uniform wetting of the
model surface, The velocity of water through the orifices was calcu=
lated to be between 2 and |0 ft/sec for design flow rates, The rate
of coolant flow was controlled by a needle valve installed in the
reservoir immediately adjacent to the model surface; this arrangement

permi tted nearly instantaneocus control cof the coolant injection rates,

The experiments were designed to measure heat transfer rates
from a high temperature alr stream to an evaporating water fiim on
the model surfaces by the steady-state technique, Assuming that all
of the injected coolant is effective In Insulating the wetted areas,

heat transfer rates are determined from a balance between heat

m removed from the air stream and the hea? absorbed by coolent in the
course of evaporation, In order to define the wetted area of the
evaporating fiim, the mode! was instrumented with 66 chromel alumel
thermocouples (No, 36 gauge wirel)s 44 thermocouples were arranged on
24 rays of the hemisphere at ts° intervals, 18 were arranged along
4 rays at 90° intervals of the cylinder, and 4 were mounted on the
base of the model, Thermocouple junctions were mounted flush with
the external surface of the model with the leads Imbedded in 1/4=inch
loné'grooves along expected isotherms and then passed through the
skin into the interior of the model, The output of these thermocouples
was monitored on multiple channel |ight beam galvanometer oscillograph

recorders and Minneapolis Honeywell Brown self balancing type recorders,

In the absence of evaporative film cooling, aerodynemic heat
transfer to this model was measured by the transient technique, Since
steady-state conditions in the hypersonic tunnel are obtained In less
then 1/2 second, models are exposed to nearly a step Impulse In heating
rate, Models having 8 thin skin are aerodynamically heated from room
temperature by the alr stresm. Surface tenperature distributions end
the local time rate change of skin temperature at any instent of time
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could be determined from continuous temperature-time measurements at
varlous locations over the model, Aerodynamic heat transfer is cal=-
culated from a heat balance written for an element of the model skinj;
heat stored in the element is equated to the net heat transferred to
the element by forced convection, conduction along the skin, and by

radiation from the surroundings,

3el1e2 Cone Models

A cone was selected for studies of evapcrative film cooling
under conditions of constant Mach number and pressure along the
surface, The maximum size of the model was determined from a pirelim=
inary investigation of the flow field about calibration type models at
Mo = 7. No difficulty was encountered in starting or operating the
tunnel with a 20° cone model having a 6=inch diameter base, A fully
instrumented 20° cone model was mechined out of alumina silicate with
a 0,25=inch wall thickness (refer to Figure 1!), The length of the
cone was |5,6~inzhes having a base diameter of 5,5-inches, Experiments
with the hemisphere=-cylinder mode! indicated that an insulating material
would be desirable to eliminate the heat transfer to the liquid film

by conduction along the model wall,

Properties of the aerodynamic flow field were determined from the
surface pressure distribution and schlieren photographs, Tweive
1/16=inch diameter pressure orifices were located along rays of the
cone, with 4 located at 90° intervals in one cross sectional phbne of
the cylinder for checking alignment of mode! with air stream, Measure=
ment of base pressure verified that the sting support did not affect
the flow field about the model, To measure the equilibrium wall
temperature when insulated by an evaporating water film in a high
temperature hypersonic air stream, the model was instrumenfed with
28 chromel alume| thermocouples located about the cone, cylinder, and
base., Thermocouple junctions were mounted §lush with the external
surface with the leads imbedded In 0.5-inch long grooves along expected

isotherms,
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Interchangeable nose tips were provided for investigating
techniques of coolant injection, A 1/2=inch diameter hemispherical
nose allowed for coolant injection at the stagnation point, Coolant
could be injected through 6 = 0,0225=inch diameter orifices located at
a radius of 0,0313=inches about the stagnation point, In order to
study the effect of coolant injection in a supersonic air stream, a
pointed tip could be installed for tangential injection of coolant
through a slot as Indicated In Figure 11, AdJustment of coolant

flow rates was similar to that of the hemisphere-cylinder model,

3,1,3 Stagriation Point Flow Model

Difficulties experienced in establishing a uniform liquid film
over the surfaces of the heat transfer models with practical rates of
coolant injection required a reappraisal of coolant injector design,
A scaled up version of the stagnation point flow mode! was designed
for this purpose. The observation that stagnation point flow exists
for about 1,5 = 2 jet diameters on the surface of an infinite plane
placed normal to & finite impinging jet (about | diameter away)
suggested the development of a coolant injector under especially ideal

conditions,

The heat transfer model (Figure 12) consisted of a 0,030~inch
thick type 304 stainless steel disk !0 inches In diameter (5 jet
diameters), This disk was supported on the outer edges by a copper
skirt mounted on a base plate with the center supported by the coolant

In jector made of micarta,

Details of the coolant injection are shown in Figure 12, Since
the gas=liquid interface in the immediate nelghborhood of the stagna-
tion point can be approximated as an impermeable wal! perpendiculear
to the oncoming coolant flow, then the stresmiines should be nearly
identical to that of a finite jet impinging on a plane wall, The
geometry of the coolant injector was based on this observation, It
should be noted that the coolant flow streemlines must approximate
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the reflected image of the impinging air stream, A 1/16=inch diemeter
throat of the coolant injector would glive a nearly uniform velocity

of 0.5 ft/sec {maximum) with a coolant mass flow rate of | g/sec,
Distilled water was supplied to the coclant injector under % psig
from.a 5 gallon refrigerated gless reservoir, Water flow rates were
meesured with a Fisher-Porter flow meter callbpated to an accuracy

of one percent in the range from 0.1 %o 1,35 g/sec,

The mode! was instrumented with 36 iron constantan. thermocouples
made from 10 mil wire with locations given In Figure 12, Representa-
tive samples of the thermccouple wire were calibrated to an accuracy
of O.OIOC. The output from |19 of the thermocouples were recorded on
& 24 channel Century oscillograph recorder; temperature-time traces
could be finally resolved to an accurzcy of O.3°F. A contoured
passageway was prcvided on the interior of the model so that the heat
transfer disk could be precooled during a run by blowing helium gas

passed through a heat exchanger in a liquid nitrogen bath,

A pressure distribution mode! of the same geometry was insiru-
mented with 30 = 0,031=inch dla, pressure orifices arranged aslong a
spiral as indicated in Figure 12, In orcer to determine the effect of
the bevel on the flow fleld, the pressure distribution was measured on
a flat plate mounted flush in a pltane (in the order of 24 jet dlameters

in extent) epproximating an infinite wall,

Pressure tap and thermoccuple lccations are given in Figure 13,
Both pressure and heat transfer models were 2,25~inches in diameter;
the pressure distribution model was 2 diameters long, the heat
transfer mode! 5 diameters long. The pressure leads consisted of
1/8 0,0, thin wall tubing (0.008 Inch), With the model immersed in a
hypersonic air stream, pressures on the flat face were readout on a
multiple tube mercury manometer, while the pressures along the cy! inder
were indicated on a multiple tube sillcone oilﬁﬁanomefcr. In a low
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subsonlic alrstream, all pressures were readout on 8 multiple tube manometer

board using water to an accuracy of 0,02 Inch,

The fiat face of the heat transfer model, made from 0,030-inch
thick type 304 stainless steel, was jolned to the cylinder body with
soft solder, Eleven thermocouple Junctions were spot welded to the
interior face of the disk; the thermocouple junctions were butt
welded from 30-gsuge Teflon coated lron constantan wire., Thermo=~
couple junctions along the cylinder of the model were imbedded into
the skin with soft solder, The cylinder was more heavily instrumented
near the shoulder to detect the incresse in heat transfer expected
from heat released from condensing water vapor in the boundary layer,
The method of coolant injection was identical to that of the stagna-
tion point fiow models, Coolant flow was throttled by a needle valve
similar to the installation on the hemisphere=cyl inder modeis, The
cylindrical surface of the model could be insulated from the air
stream during the time that a liquid film was being estab!ished on the
face of the model by a retractable shield actuated from outside of the
tunnel, This arrangement was designed to establish an isothermal
surface along the cylinder for initial conditions at time of heat
transfer measurement, The mode! could be precooled prior to the
tunnel run by blowing cold hellum gas through a contoured passageway
on the interior of the model, Distilled water was suoplied to the
coolant injector under atmospheric pressure from a 5 gallon refrigerated
glass reservoir, Coolant flow rates are measured with a Fisher=Porter
flow meter calibrated to an accuracy of one percent in the range from
0.1 to 1,35 g/sec, The output from 40 of the thermocouples was
continuously monitored on two Century oscillograph recorders, Visual
spot checks of the temperature distribution on the face was made by
monitoring the output from two of the thermocouples on Brown recorders,
Two pressure orifices were located near the end of the ¢cylinder of the
heat transfer model to detect any possible Interference from the
retracted shield,
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3,2 Experimental Facilities

Evaporative film cooling experiments were conducted at Mach number
6.8 in the hypersonic blowdown wind tunne! of *he Rosemount Aeronautical
Laboratories, described in detail 'n Reference 38, A gas=-fired pebble
bed storage heater can produce stagnafion temperatures up to 2600°R in
8 test section having nominal stagnafion pressure of |0 atmospheres
(refer toc Figure 14), A two-dimenslonal contoured Laval nozzle of
12 x 12" exit cross section produces a uniform hypersonic stream of
M = 6,8 with running t!mes up to 2 minutes, Figure 15 is a photograph
of a typical experimental setup showlng arrangement of assoclated
instrumentation, Results are reporied for experiments carried out with
stagnation temperatures from 1100 to 2500°R,

The pressure distribution on the ?lat=faced cylinder model was
also measured in a low spead subsonic air stream, This portion of
the investigation was conducted in a horizontal, closed circuit type
subsonic wind tunnel having a 38" x 54" test section, This facility is

operated by the Deperitment of Aeronautics and Engineering Mechanics,

A special facility wes constructed for experiments with stagna=
tion point flow models, In order o Investigate the geometry of the
cooiant injector, a rather simple faclility was set up to furnish the
desired flow under steady-state conditlons, A 2=inch diemeter axisym=
metric subsonic nozzle having a 16 to | contraction ratio, supplied
by air from the blower to the gas=fired heater of the hypersonic wind
tunnel, generates a uniform subsonic siresm with Mach numbers up to
nearly 0,5 (refer to Figure 16), The flow field resulting on a flat
plate normal to this Jet exactly simulztes & stagnation point flow in a
region of nearly 3 jet diameters, Velocity distribution at the exit of
the nozzle was uniform to within 1/20 percent, Models were accurately
mounted on & plane that could be rotated about the axis of the impling=
ing jet (see Figure 17),
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3,3.1 Flow Fleld About Models

Details of the flow field about models, especially fluld properties
aléng the edge of the boundary layer, are necessary for theoretical
calculations of serodynamic heat transfer (in the absence of mass
transfer), interpretation of experimental resutts, and finally for
comparison with results of the similarity analysis, Local flow
conditions at the edge of the boundary layer along the model
surfaces are obtained by Isentropic flow relations between the stag-
nation point~and the local surface pressure, measured at subsequent
stations, Crawford and McCauley (Reference 20) showed from pitot
pressure surveys of the boundary layer that isentropic flow relatlions
hold for local flow conditions at the edge of the boundary layer aiong

a hemisphere«cylinder for stations at least up to x/D = 7,5,

2alelal  Hemisphere=Cylinder

The pressure distribution over the hemisphere-cytinder is shown
In Figure 18 for Reynoids numbers in the range from 8,13 x IO4 to
2,25 x I05, based on model diameter and free stream conditions, The
theoretical pressure distribution for thermally perfect air was calcu=
lated from the modified Newtonlan theory and a mastched Prandti-Meyer
expansion along the hemisphere and continued by an empirical power
decay correlation by Love (Reference 21) along the cylinder, These
results were first reported in Reference 22, Later results obtained
with improved instrumentation showed especially good agreement between
exper iment and theory over the hemisphere, (See Figure 9 of Reference 39},

The Mach number distribution obteined from pressure measurements
Is shown in Figure 19, The distribution over the hemisphere agrees
well with results of References 20 and 23, An eveluation of the Mach
number distribution shows that the velocity gradient at the stagnation
point is 23,000 per second with To = 2000°R as. comoered to a value of
21,000 obtained from modified Newtonian theory,
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An examination of shadowgraph and schlieren photographs of the
flow about the hemisphere-~cylinder body at Mco' 6.9 with airstream
stagnation temperatures from 1100 tc 2500°R shows that the front part
of fhe bow shock can be described as pert of a conlc section, following
the ccncept used by Van'Dyke (Reference 24}, Evaluation of a large
number of shadowgraph photographs (Figure 20, typical) indicates that
the shock radius of curvature at the stagnation point Is ebout 1,35,
referred tc hemisphere radius, and the bluntness factor is 40,40,

These results were originalily reported in Reference 40, Shock detach-
ment distance is plctted as 2 function of stagnation temperature in
Figure 21, Calculation of the shock detachment distance from Lighthill's
constant density solution of the flow abou? & sphere {Reference 25)
gives the results shown in Figure 21, Although the correct trend with
temperature is predicted for shock detachment distance by the verious
thecries, experiment is about 5 percent higher than Serbin's results
and is as much as 27 percent higher than Lighthill's theory; the

usual theoretical assumption that bow shock is concentric wlth the
sphere at the stagnation pcint was nct confirmed by experiment, as had
been previously noted (Reference 25), The radius of curvature of the
bow shock at the body axis is about 35 percent greater than the radius
of the hemisphere and increzses with increasing temperature as compared
to the oppesite trend indicated by Lighthill's theory, It must be
pointed out, however, that Lighthill's theory is only valid for very
high Mach numbers and neglects the variation of density ratio along

the shock, conditions that are not very well satisfied by these experi-

mental results,

3e3s1s2 Hemispherically=Capped Cone

The pressure distribution measured on the hemispherically=-capped
cone mode! is plotted in Figure 22 for Ma>= 6.6 with Po = 9 atm and
To = 2500°R {nominal), It must be observed that the measured pressures
are about |5 percent lower than the theoretical values for an infinite
cone, This is in qualltative agreement with theoreticsl results of
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Reference 27 for 20° half angle blunt nosed cones with hemispherical
caps. Although the 1ast pressure orifice before the shoulder is
approximately 29 nose diameters downsiream, a decreasing pressure
distribution still indicates the effect of nose blunting, This Is In
agreement with Bertram's results indicating tip bluntness effects
in the pressure distribution on a flat-nosed 10° halt angle cone as
far as 30 diameters downstream of the nose (Reference 28), The large
scatter in experimental datza is attributed to a difference in thermal
expansion of the stainless steel pressure leads as compared to the
aluminum silicate material of the model wall, Differential expansions
must occur as the mode! 1s heated by the alrstresm during the run, 1t
is thought that this differen‘ial expansion results In disturbances to
the alr flow at the model surface,
3,3.1.3 Stagnation Polnt Flow

The velocity distribution along the edge of the boundary layer
of the stagnation point models, calculated from the measured surface
pressures, are plotted in Figures 23 =26 for Mach numbers of 0,30
end 0,37 with various values of separation between nozzle exit and
model, In order to check the symmeiry of the flow, measurements were
made with the models rotated about the axis of the jet, The velocity
distribution obtained for 30° Intervals of rotation of the mode! ,
indicates a typical variation of 7 percent In the region of stagnation
point flow, r/R¢ 1,5, Comparison between experiment and results
obtained from the potenttial flow model of an incompressible perfect
fluid jet Tmpinging on an infinite flat plate held normal to the Jet,
(Reference 29) indicates satisfactory agreement for r/R<2, A
comparison of the velocity distribution along the surface of the
beveled stagnation point model with that measured on a flat plate
(Figure 24) indicates that the difference ls generally no larger then
the variation observed with 6 (Figure 231, It is interesting to
observe that the flow field was unaffected by Mach number or separstion
between nozzle exit and model for values of these parameters Indicated
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in Figures 24 and 25, For N%o= 0,30 and h/D = 1,0, the veloclty

gradient at the stagnation point was found to be
R .du.) ~
U (drro"‘p"‘o

as compared to 0,511 given by potential flow theory (Reference 29),

3a3sla4 Flat-Facad Cylinder

The velocity distribution along the edge of the boundary layer
on a flat=faced cylinder model is given in Figure 27, It should be
noted that only results obtained frcm the low speed faclitity are
reported, A peculiar variation in the pressure distribution measured
at Mbo = 6,9 and To = 2000°R indicated the existence of some form of
leakage in the pressure leads installied along the face of the model,
Although this could not be substantiated from static tests, experi=
mental data had to be considered invalid, 1t is interesting to
observe that in this presentaticn, the velocity distribution obtained
from pressure measuremenits. at low speeds shcws very good agreement with
Reference 30 for Ma>= 4,86, In each case the velocity is made dimension=
less by *he value obtained at the shoulder of the model, Agreement
between experiment and two-dimensional potential flow results (Reference
31} is rather unusuel, The theoretical curve obtained from Reference 32
for N%°= 5.8 shows exce!lent agreement with experiment in the stagna=-
tion point region, 1t must be observed that the velocity at the
shoulder 1s sonic for hvpersonic free straam Mach numbers., Low speed
experiments indicate that the flow sepezrates at the shoulder with a
velocity cf I.26‘u03 The shock detachmen! distance (Figure 28)
obtained from measurements of shadowgraph and schiieren photographs
of the flow about the flat=faced cylinder model, is compared with the
theories of Probstein (Reference 33) and Serbin (Reference 34) as well
as experimental results of other investigators (Reference 30).
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343,2 Heat Transfer Studies
3.3.2,1 Hemisphere Cvlinder

The |aminar heat transfer distribution over the hemisphere-cylinder
body at Mao= 6,59 and Re = 70,750 is given in Figure 29, With conduc~
tion corrections as Iargg as 58 percent 2t the stagnation point,
measured heat transfer rates scattered as much as : 50%, Therefore, a
reference value of the stagnation point heat transfer rate was extra-
polated from measurements at 6 = 30° using the theory of Reference 19
for estimating b/&o at this position. The conduction correction was
in the order of 5 percent at & = 30° so that the scatter in experi=-
mentel data was much less than at the stagnation point, The heat
transfer distribution is referred to the extrapolated stagnation point

heat transfer rate,

The extrapolated value of the stagnation point rate is nearly 3
percent higher than the value calculated from Reference 35 with fiuid
properties evaluated at the airstream stagnation temperature, Measured
values of stagnation heat transfer rates are from 12 to 20 percent
higher than the extrapolatec value, The scatter in experimental data
is generally in the order of 10 percent with the exception of the
results obtained over the cylinder, 1In this region the scatter is in
the order of 20 percent, The heat transfer distribution over the
hemisphere is genera!ly within : 2% of the theory of Reference 19,
Experimental data over the cylinder are from 6 to 29 percent lower
than theory; the largest deviaticns are observed at the forward part
of the cylinder, From less than one boedy diameter downstream of the
hemisphere~cylinder juncture, experimental results are generally in

the order of 8 percent lower than theory,
i Poi Flow

The adiebatic recovery temperature measured on the stagnation
point heat transfer model is presented in Figure 30 for N%Da 0.30
and h/D = 1, It should be noted that the recovery temperature is
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very nearly constant and agrees remarkably we!! with the stagnation
temperature, as could be expected, The hea! transfer distribution
(Figure 31), obtained under cunditions of nearly an isothermal
surface, is essentially bracketed by the two theoretical stagnation
point values calculated from the theory of Reference 36 with fluid
properties evaluated at the stagnation temperature, The lower value
of stagnation point hea! transfer rate is obtained by using the
velocity gradient determined from experimenis while the higher curve
utitizes the ‘heoretical value of 0,5!1, Aside from a number of
exceptional values, the heat ‘ransfer distribution is constant over

. . . . +
the stagnation point flcw region with a scaiter of = 5 %,

3.3.,3 Evaporative Film Cooling Irivestigations

3,3,3,1 Wetting Characteristics of Liquid Film

Experiments on evaporative £ilm cceling ¢f hypersonic nozzle
throat sections demonstrated that surfaces exposed to a high tempera-
ture gas siream cou!d be prctected by an evaporating water film
unifcrmly established over the region cf highest heat transfer
(Reference 3), Attempts to inject water through a porous /8"
diameter plug at the stagnation point of %he hemisphere=cylinder
model only resulted in a very streeked distribution of the coolant
film, At the time it was believed that small misalignment with
respect to the airstream was responsitle for the nonuniform wetting
of the film, Proceeding cn this hypothesis, later experiments
were conducted with the cootant injected through a discrete number
of orifices near the stagnation polnt so as ic reduce sensitivity
to flow alignment; this modification, however, did not result in
any improvement in the uniformity of the water film, Even though
coolant was injected through orifices over sn area having a semi-
included angle of 12° sbout the stagnation point on the hemispher=-
fcally capped cone, a very s'‘reaked distribution of the coolant on

the ncse of the model indicated that the shear s!ress exerted by
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the airstream was not large enough to effect & uniform distribution
of the film, It must be observed that the gradient of shear stress
near the stagnation point of the hemispherically capped cone is

V6 times that obtained for the hemisphere-cylinder model, 1In
preliminary experiments on evaporative flim cccling of blunt bodies,
coolant was injected through a single orifice at the stagnation
point of the hemisphere-cylinder mode!, With coolant flow rates

in excess of 40 times the calculeted requirement, a liquid film

was established over the entire hemisphere formed by an Impinging
water mist in front of the model, A direct photograph of the flow
(Figure 32) showed the bow shock pierced by the coolent jet which
formed a fluid cone envelope about the stagnation point, These
pretiminary experiments were conducted long before results of the
analysis indicated the proper required cocolant flow rates, Since

no attempts were made to incorporate an elaborate metering mechanism
for these exploratory experiments, a fine adjustment of the coolant

rate during the runs was rather difficult,

Because of mechanical limitaticn, additional engineering
modifications to the coolant injector on the hemisphere=cy!inder
mode! could not be considered, The fact thet only locallized
streams of water film could be establlished on the hemigsphere~
cylinder mode! and the nose of the cone mode!. required a reappralsal
of coolant injector design, The stagnation point flow model

described in paragraph 3,1,3 was designed for thls purpose.

Direct photographs of the water film development on the stagna-
tion point models are itlustrated in Figures 33 = 35 with coolant
flow rates in the order of | g/sec, All these photographs are with
the mode| placed normal to the flow one diameter sway from the nozzle
(shown in the upper portion of the figure); the Mach number at the
exit of the nozzle 1s 0,298 in all cases, Motion pictures taken
of the time histery of the film development did not furnish any
additional insight Into the mechanics of establishing & coolant fiim,
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It should be recalled that this facility is continuous, A number
of pertinent observations may be made from these photographs,
Uniformity of film development was fcund to be rather sensitive to
alignment of the coolant injector with the nozzle axis., However,
not obvious from these photographs is the technique used to
establish the water film, The results illustrated could only be
obtained by first establishing a film with no air flow after which
the air jet was turned on. The surface of the model was swathed
with a wetting agent prior to each run, A uniform coolant film
could be established over the region of interest (that is r/2 <2}
with this rate of coolant flow, However, increased rates of
coolant flow did not result in a corresooncing increase in wetted
area; on the contrary the disturbance caused by the bubble seen
above the injector orifice lindicated by reflected light in

Figure 34) produced two rather conspicucus cry areas,

It must be emphasized that the rate cf evaporation was
negligible due to small heat transfer rates, However, it is
apparent from these photographs that the liquid film does not be-
come infinitesimally thin but because of viscous forcesand surfaca
tension it rolls up into rivulets, Figure 33 is included to
illustrate nct only the sensitivity of the alignment of the model
but more important to show that it is possible to establish a
liquid layer over a large portion of the surface. Satisfactory
results can be obtained only under conditions that the film be
established prior to starting the air jet and for sufficiently low
coolant flow rates, that is with sufficiently low injection
velocity to avoid penetration into the onccming flow., In fact,
small disturbances caused by thermocouples could in some cases
prevent wetting of the surface. Although & uniform coolant film
could be established over the region of interest with this type
of ccolant injector, these experiments indicate that some form of
8 deflector would be desirable (see Figure 34) for preventing pene-

tration of fhe oncoming flows this appears to be the most practical

30



solution for wind tunnel experiments, Since design and fabrication
of the flat=-faced heat transfer model! proceeded concurrently with
the stagnation point models, no advantage could be taken of the
former results for the concluding wind tunnel experiments, Limite=
tions of funds and time did not permit any further development

of the coolant injector, Protection of re-enfry vehicles with
evaporative film cooling will very likely require that the coolant
be supplied through slots so that the liquid is injected tangential

to the surface,

3.3s322  Equilibrium Wall Tempergture with Evaporative
Eilm Cooling

Results of the theoretical analysis (Section 2) indicated that
the temperature at the gas=liquid interface and heat transfer to the
liquid layer were independent of the rate of coolant injection,

The same conclusion can be made regarding lack of unfformity of

the liquid layer so long as local surface effects do not induce
transition in the gaseous boundary layer, Since the temperature

drop across the liquid film is expected to be quite small, the
calculated interface temperature shouid be a good approximation of
the surface temperature distribution when insulated by a liquid film,
In spite of the fact that only tocel ized streaks of water film were
established on models in the wind tunnel experiments, agreement
between measured surface temperature and theory are rather gratifying
(see Figures 36 and 37), Figure 36 shows the steady-stafe wall
temperature measured on the hemisphere=cylinder model for N%°= 7,

Po
s/b, It should be noted that steady=-state conditions for a thin=

10 Atm, T = 1740°R es & function of dimensionless arc length

shel! model must correspond to essentially zero heat transfer

between the water film and mode!, The theoretical value of the
interface temperature has been determined from equation (25) using
the measured pressure distribution (Figure 18), Near the stagnation
point the calculated Interface temperature is 552°R while the average
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measured wal| temperature is 558°R with a scatter of : 13°R, The
average difference between experimental wall temperatures and the
theoretical interface temperature on the hemisphere is about + 10°F,
Hence, the theory predicts the temperature of the interface neear

the stagnation point and its variation around the hemisphere very
well, The theoretical value of mass fraction at the interface Kis
is nearly constant up to 6 = 80°. Values calculated from experi-
mental T values show a large scattering due to the high sensitivity

of K' relative to Tw’ but agree in general with theory,

The temperature at the edge of the liquid film on the face of
the flat=faced cylinder mode! is given in Figure 37 for Ma:’ 6.8,
Po = |0 Atm, and To = 2000°R. The equitibrium wall temperature
measured on the surface of the model is only 4.5° lower than the
theory, The experimental value was obtained from one of the two
thermocouples monitored on the Brown recorders (refer to the instru=
mentation of model, Section 3,1,1.4), Direct motion pictures of
the face of the model show that approximately a {/4 inch wide strip
along one ray was covered by a water film; the remainder of the |
face including the densely instrumented section was directly
exposed to the airsiream, Since temperatures monitored on the Brown
recorders indicated that the model was insulated by a water film,
these investigators were not alerted in time to prevent failure
of the model, It should be noted that this mode! was specifically
designed to measure heat transfer rates when insulated with a
water fllm, Under these conditions the time rate change of model
skin temperature is of the order of 1%F per second as compared to &
value of nearly 100°F per second when directly exposed to the air-
stream, Limitations of time and funds did not allow for repair of

the model for any additional experiments,

The temperature distribution measured on the wall of the stagna=
tion point mode! are shown in Figures 38 for conditions of zero heat

transfer to the mode! surface with coolant flow rates in the order of
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| gram/sec, 1t must be observed that the region insuleted by the
water film is-nearly isothermal, The theoretical value of the
interface temperature is significantly lower than the measured wiil
temperatures, This data suggests that under conditions of low heat
fran§fer between airstream and coolant film, that the heat energy
convected in the liquid layer must be taken into account as well

as the initial temperature of the injected coolant. Apperently the
assumptions made for the theoretical analysis are more nearly
satisfied under conditions of high heat transfer rates as realized |

in wind tunnel experiments.

32,3,3,3 Heat Transfer to Evaoorafing Liquid Film

With exception of the flat-éaced cy!inder heaf>iransfer mode! ,
only equilibrium wall temperatures were measured on afl the models,
However, only one experimental point was obtained for the flat-faced
cylinder for reasons discussed previously, Heat transfer from en
evaporating film to the model surface was determined by the transient
technique, For-an isothermel surface in & stagnation point flow;
which is well approximated by the mode! at the start of the run, the
heat energy convected in the liquid film may‘be neglected, Under
these conditions heat transferred from the gas stresm to the evapora=-
ting film is simply equal to the heat transferred to the model shell,
Wheri compared to the theoretical aerodynamic heat transfer rate et
the stagnation point, ¢calicutated from Reference 35, experiment gave
the value of 0,73 for the heat transfer blockage factor due to mass
transfer as compared toa value of 0,785 predicted from theory
{(Figure 39), Because the driving temperature potential under these
conditions is rather small, the agreement between experiment and
theory may be fortuitous, especially when determined from only one

experimental point,

The various schemes of mass transfer cooling for protection of
re-entry vehicles are usually compared on the basis of the so-called
"effective heat®™ of the process, This criterion is most femlilar in
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the evaluation of various materials for an ablation process, For
film cooling, the equivalent "effect heat® of evaporation, introduced
in Reference 10, is found to be
L
= =t :
Qeff " {35)

with  defined by equation (28),

The units of Qeff'are obviously those usgd for Lv’ {or instance
Btu/lb_. To be exact, &o must be taken at the temperature of the
interface with mass transfer cooling present; correspondingly, Lv

must also be calculated at the temperature of the interface which
occurs with mass transfer cooling present, This temperature depends
upon the pressure at the interface, and is determined by the saturation

line of water vapor,

An effective heat of evaporation of 1423 Bfu/lbm is obtained from
the experimental data for the flat~-faced cylinder, A value of 11,000

Bfu/lbm was quoted in Reference 10 for re-entry conditlons,

323:3,4 Liguid-Ice State Boundary of Water in.Film

Water vapor is injected into the boundary layer by evaporation

from the liquid film in the neighborhood of the stagnation point,

When the local flow around the body is expanded, pressure and tempera-
ture inside the boundary leyer decrease so that conditions for
recondensation or ice mist formation can occur for water vapor even if
the body is immersed fn & high temperature hypersonic airstream (see
discussion of Figure 8 on page 14), Under certain conditions this
mist may collect and become visible as large ice formations as shown
in Figure 40, This should not be confused with the solid=liquid state
curve for water in the coolant film on a blunt body given in Figure 8,
This boundary between ice and liquid states was determined from the
condition that the temperature at the interface, calculated from
equation (25), intersected the ice point (492691.
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1t Is clear from the results of Figure 8 that the semi=included
cone angle should be at least 20° in order to establish a water fiim
on a cone surface with alrstream stagnation temperatures not less than
1440°R, Water would be In the ice state on the surface of a 10° cone
over the entire operating range of the hypersonic tunne! at M= 7,
For clariflication It should be noted that the experiments on the cone
mode| preceded the'analysis so that these results were not available,
Earllier measurements of film cooling both in the throat of a hypersonlc
nozzle (Reference 3) and neer the stagnation point on a hem]ﬁphere,
Indicated that the wall temperature was near the local botiing
temperature of water, An exploratory investigation was conducted on
several preliminary cone models having a seml=included angle of 10°,
Reviewing the results of these investigations in color motion pictures,
It Is noted that with water flow rates in excess of 10 times the
minimum required value, & liquid water film with stowly moving Ice
flakes was observed on the cone surface, Ice also accumulated at the
base of the model, With alrstreem staqnation temperatures of 2300°R
the ice formation at the base of the cone bullt up with an angle of 19°
~ with respect to free stream (refer to Figure 41), It must be observed
from Figure 8 that for this temperature the local inclination of the
ice formation should be 15,3° if the surface pressure corresponds to
cone theory or l7.5o i approximated by Newtonlan theory, That a
water film was observed on a cone surface of only IO°. In spparent
contradiction of the results in Figure 8, indicates that both initial .
heat content of the water in the coolant reservoir and the heat
transfer from the model to the film {(the model wall temperature was
generally in the order of 100°F at the beginning of each run) delayed
freezing on the cone, Both these effects were neglected in the
analysls of similarity parameters of evaporative film cooling, If
coolant flow rates were reduced to the minimum required to establlish
e fiim over a prescribed area, the experiments would be more rcellsllc
for engineering apptications and at the same time setlo!y the allumntlons
of the theoretical model, especially for the case of an !nsulated body,
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With coolant flow rates from 0,00035 to 0,00139 1bs/sec, water was
observed to freeze when passing from the surface of the heﬁispherical
nose cap to the aluminum silicate body., These observations confirm
the fbeorefical results obtained for the boundsry between the solide
liquid state for water in the coolant on the cone surface {refer to .
Figure 8), Heat conduction along t he nose of the mode! delayed

freezing of the water unti! it reached the nonconducting surface,

Typical ice formations on hemisphere=cylinder bodies have been
previously reported in Reference 37, With stagnation point injection
and a rather low stagnation temperature To =v860°R, a well defined
ice formation started at an azimuth of the sphere of about 766 as

compared to 55° predicted from the analysis,

Location of the interface pressure-temperature conditions in &
thermodynamic state diagram (Figure 42) furnishes a physical interpre=
tation of the observed phenomena, The saturation line of water is
plotted in log pressure vs, log temperature coordinates with the
"triple point® located at 0,01°C and at & vapor pressure of 4,5 mm Hg,
Above the triple point the saturation line divides the gas from the
liquid bhase; below, it divides the gas from the solid phase. Also
included is the boundary between liquid and solid state above the
triple point which is very nearly a vertical line at 0°C. The - satura-
tion Iine follows épproximately the equation of Clausius and Ciapeyron

which, containing'some simplifications, is written as

Lnp = =L /RT + constant | (36)

The saturation line ends at the critical point which occurs at T =

374,15°C and a pressure of 218,39 Atm, Beyond this point water in

the liquid-and vapor state cannot be distinguished, When Ln p is ‘
plotted against 1/T from equation (36}, the siope is proportional to N
the heat of evaporation Lv for the change of state across thgnggfura-
tion 1ine, Above the triple point Lv varies somewhat with temperature
and has a typical value {eat 100°C) of Lv.=”540.callgm_or lOOO,qu/lbm.

.
4
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At the triple point the heat of evaporation changes by a finite amount
to Include the heat of fusion, This results in a discontinulity In
slope of Ln p vs I/T,

The Isentropes from reservoir conditions of P, = 10 Atm, and To =
1000, 2000, or 3000°R, together with *he 1ines representing pressure
and temperature at the surface of a cone with half angles from 5 to
20° tor My = 7 are superimposed in the state diagram, The latter are,
of course, the potential flow conditions at the cuter edge of the
boundary layer, the temperature inside the boundary layer being much

Ligher, depending on the cooling conditicns at the wall,

Exﬁerimenfal points measured with evaporative film cooling on the
hemlspheée-cylinder model and in nozzles installed in a hypersonic wind-
tunnel (References 2, 3) or connected tc a combustion chamber (Refer-
ence !) are located in the state diagram, The experimental points are
located at the measured wall temperature T" {Figure 36) and wall
pressure p {Figure 18), The value of T, ¢an be interpreted as being
nearly equal to Ti because the temperature change through the coolent
fiim Is expected to be very smzll (see Section 2), Note that Pw
represants the sum of water vapor partial pressure plus the air
pariial pressure, that is, a "total pressure® in thermodynemic termin-
ologye An Important finding is that all experimental points (tw, Pw,
ere |ocated somewhat to the left of the saturation line, Since the

pressure is constant through the boundary leyer, Pw = Pa*

The thermodynamic state of the interface must lie on the satura-
tion line within a negligible difference due to a finite net evapora=-
tion rate as discussed in Section 2, equetion (20}, Hence, the pressure
read at the saturation line for T = Tw = Ti represents the vapor
pressure p . at the interface, The vertical distance between the
exper imental point and the saturation line is representative of the
ratio of partial vapor pressure to tctal pressure pvi/pw' with this
data, the mass fraction at the Interface can be calculated from
equetion (25),
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Without film cooling the stagnation point of a blunt body es
well as the recovery temperature Tr for a flat plate at M = 7 is well
within the regime of the gasesous phase, On a film cooled wall of a
flat plate, the boundary layer covers a regime starting from the
saturation line to the right towards Tr into the gaseous phase and
back to the free stream conditions, which contains a large region of

_the ice phase at Mach 7, In contrast, the boundary layer in the
stagnation point region for a film cooled wall extends from the
saturation line to the right only until it reaches the stagnation

temperature, entirely In the gaseous phase,

Boundary layers on cone surfaces are either completely in the
gaseous and liquid phase or may include the ice phase, depending on
cone angle and stagnation temperature., The first stetement is true
for 6_ = 20° with T_ = 3000°R; the second Is valid for 6_= 10° and
T, = 2000°R.

4, Concluding Remarks

A theoretical analysis of similarity parameters was developed,.for
blunt bodies including the effects of mass transfer on heat transfer
for Prandt! end Lewis number unity, Theoretica! calculations of the
properties of coolant film development around e hemisphere in the

hypersonic airstream of a wind tunnel indicated the following.

fe The temperature at the gas~liquid interface is independent of
body size, and was found to be rather insensitive to airstream
stagnation temperature over a representative range of tunnel
supply conditions,

2. Both the mass fraction of water vapor at the flim interface
end heat blockage, strongly dependent upon driving enthalpy
potential, are very nearly constent around the hemisphere,
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4
5.

‘6.

Since heat blockage 1s nearly constant around a hemispherical
body, coolant flow rates necessary to esteblish an evaporating
film over a blunt body can be reesonably estimated from the
requirements at the stagnatlion point,

Both the film thickness and the veloclity et the interface vary.
directly with the square root of the rate of coolant injection,
Veloclty of the 1iquid film at the interface is so small that
the gaseous boundary layer is unaffected,

The mass fraction of water vapor at the interface of the

coolant fiim on cones, corresponding to the liquid~ice boundary,

is nearly a linesr function of sirstream stagnation temperature,

Evaporative film cooling on blunt nose models was investigated in a

12" x 12" hypersonic blowdown wind tunnel at Mach No, 7 with stagnation

temperatures up ‘to 2500°R, Experiments woarz primarily concerned with

determining heat transfer from a high speed, high temperature airstream

to various bodies, especially when the surface of the model is covered

with an evaporating liquid film, The following conclusions can be drawn

from these experiments,

"2

3.

The laminar heat transfer distribution measured over the hemi-
sphere=cylinder model for Mh,e 6.59 shows excellent agreement
with the theory of Reference |9,

Interface temperatures calculated from our theory are in good
agreement with the surface temperature around the hemisphere
and on the front of the flat=faced cylinder measured Iin the

experiments in the hypersonic wind tunnel,

The theory is Inadequate for predicting the properties of an
evaporating liquid film under conditions of smal! heat transfer
between airstream and coolant film, The assumptions made In

the theoretical analysis are more nearly satisflied under
conditions of high heat transfer rates realized in high tempera~
ture hypersonic tunne! experiments and actua! re-eatry,
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4.

5.

Heat transfer to an evaporating water film on the front of the
flat-faced cylinder model could be correlated well with the

heat transfer blockage factor predicted from theory,

Experimental techniques developed for establishing a uniform
liquid film of nearly arbitrary extent over the stagnation point
mode! under conditions of little heat transfer indicated that
some form of tangential injection would be required for wind

tunnel experiments and prototype applications,

Interpretation of the above results with respect to applications for

re-entering hypersonic vehicles suggests the following conclusions,

2,

3.

4,

Further development of coolant injector techniques will be
necessary to make evaporative film cooling relisble enough

for application to re=entry vehicles,

During re-entry, surfaces protected by evaporative film cooling
will be maintained at nearly uniformly léw temperatures, thereby

avoiding thermal stresses in the vehicle skin,

Because of low skin temperatures, little if any additional
cooling will be needed to maintain a satisfactory environment

for instrumentation and human passengers,

The shape of aerodynamic surfaces will be preserved intact
during the entire flight, a most important factor for gliding
vehicles with controlled re=entry and tanding, &nd for vehicles

which must fly again,
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FIGURE 20,

SHADOWGRAPH OF FLOW ABOUT HEMISPHERE-CYLINDER
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x 106 PER FOOT
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FIGURE 31. HEAT TRANSFER DISTRIBUTION MEASURED ON STAGNATION
' POINT MODEL, M = 0,30, h/D = I, Re! = 1,81 x 106
PER FOOT
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FIGURE 33,
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OVER STAGNATIOMN POINT MODEL
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FIGURE 37, INTERFACE TEMPERATURE DISTRIBUTION ON FLAT-FACED
‘ CYLINDER COMPARED WITH MEASURED EQUILIBRIUM WA%L
TEMPERATURE, Mw = 648, Po = 10 ATM, To = 2000°R
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