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SUMMARY
Th2 unsteady laminar boundaty layer induced by the flow-initiating
shock wave passing over a flat plate mounted in = shuck tube is theoretically

and exparimentally studied in temms of heat transfer rates to the plate

for shock speeds ranging from 1,625 to 7.34 ka/sec. The tﬁcory pragented by
Cook and Chapman for the shock-induced unsteady boundary layer on a plate is
reviewed with emphasis on unsteady heat transfer. A method of measuring
time-dependent heat-transfer rates using thin-film heat-flux gages and an
associated data reduction technique are outlined in detail. Particular con-
sideration is given to heat-flux measurement in short-duration ionized shock-
tube flows. Experimental unsteady plate keat transfer rates obtained in
both air and nitrogen using thin-film heat-flux gages geonerally agree well
with theoretical predictions However, some difficulties were cucountered in
resolving time ﬁependent neat traansfer fates for very early times after
shock wave arrival at the gapes. The experimental results indicabte that the
theory continues to predict the unsteady boundary layer behavior after the
shock wave leaves the trailing edge of the plate even though the theerv is
7strict1y applicable only for the time intervsl in wnich the shoeck remainz on
the plate, In addition, the experimental resulis confirm that gnder certain
conditions steady flow can readily be attained over models in shori-duration

shock-tube flows.
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SYMECLS
Shock streng?h parameler, (jz/fl)/((fbégl) - i) " UE/uo
speed of sound .
PILgs g
spzcific nest
correctién factor in Eg. (5%)
initial voltage drop across fhin-film heat flux page
time dependent voltage change acrcess thin-film heag flux gage
enthalpy
dimensionless enthalpy, (b - hy)/h,
elecirical current in thin film ballast eircuit
thermal conductivity
plate length, Fig. la
shock Mach number, Ug/a;
pressura
heat transfer rate per unit area,l(heat flux)
numerically computed heat flux, Eq. (61)
heat [lux computed using variable substrate properties, Fig. 11
heat transfer variable given by Eqs. (25) and (52)
heat transier variable for fixed x view point, Bg. {53)
gas constant, Eq. (62), also electrical resistance

free-stream Reynolds number, fHu xaj
‘ : J0 0 o

‘ratio, Fig. 4, defined by Eq. (55)

ratio, Fig. 4, defined by Eq. (54)
resistance of ballast resistor, Fig. 6

change in tnin {ilm resistance

iuitial resistance of thin film
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time, t = 0 when shock wav

temperature change 6 -~ 8;; also absolute temperature when subscripted

as Ty

velocity in the x direction

shock speed

velocity in the y directicn

width of thin film element,

distance from plate leading

distance measured from the shock, Fig. 2(c¢)

gage position, Fig. 12

Fig. 6

edge

distance perpendicular to plate surface

‘distance perpendicular to wall, Fig. 2(c)

" dimensionless distance-time variable, x/ujt

thermal diffusivity of coating material

thermal diffusivity of film

dimensionless velocity, u/u0

dimensionless velocity expression, Eq, (14)
.2 ‘
dimensionless time uotfﬁg also a Reynolds number based on x

resistance~temperature parameter, AJ%/AQRO

coating thickness, Fig. ©

film thickness, Fig. 6

general x in Egs. (6), (7), and (8)

absolute temperature
ortf.:‘j?' Fig. 7

F F g'
E cQéfficient of viscosity

coefficient of kinemalic vis:osity,lp Gﬁ

u

0

e arrives at platé leading edge; also genaral
time in =zection on Heat Flux Measurement
time, t' = 0 when shock wave arrives at thin film heat flux gage

c



P - density
o effective Pranditl number
L dimensionless shear stress ).:(5 u/ & v)/ @ u
e shear stress, )’1(23 u/ 3y)
@ T(O’t)
0 (k/kp) daT

shear stress variable, Egs. (17) and (44)

] \{(RFC)S/(RPC)F’ Fig. 7

o plate leading edge angle, Fig. 12
Subsecripts
o free stream conditions relative to the plate
1 conditions in stationary gas zhead of shock wave
2 conditions behind shock in Fig. 2(b)
o0 ‘ free stream conditions in Figs. 2(8) and 2{(c); also eurface cendition

in heat transfer measurement section

C : heat filux computed from corrected gage response, Fig. 9(b)

F film

gr heat flux computed from uncorrected gage response, Fig. 9(b)

I interface between film {or coatnncr) and substrate; also summaticn index,
Fq. (61)

L the condition Ugt v L

m number of time intervals, Eq. (61)

M M region

Msf - M region in shock-fixed coordinates

ﬁ | Eonstant substrate properties

s . substrate

‘ss | steady_stat_er

w quantity evaluaced at the wall



INTRCDUCTION

Shock tubes have been developed that have the capability of driving

flow-initiating shoeck waves at speeds in the meighborhood of 10 km/sec.

The high-tempefature high-speed flow behind the incident shock is of
i;gerest<iﬁra nggﬁéf ofréreas; ﬁ#%é;iﬁegtal stuéiES iﬁ ﬁénf of tﬁése

areas are influeaced by or are involved with the boundary layers induced by
thelshock wave on either the shock tube side wall or on models or test
apparatus such as splitter plates placed in the flow, A difficulty
encountered in shock tube testing however, is the short duration of the high

L

temperatﬁre flow. This is especially pronocunced at high shock speeds. In
view of the short testing times available, an important consideration is the
transient development of-the shock-induced bouudary_layers since,in cases
where steady-state boundary layers might be desired, the testing time may
be insufficient for steady state conditions to be reached.

An unsteady shock-induced boundary layer of considersble interest is
that developed on a flat plate with a sharp leading edge mounted with zere
angle of attack in a shock tube. The present study-is concerned with this.
boundary layer. Considerations here are restricted to laminar boundary
layer flow. The development of the laminar boundary layer on the plate has
been the subject of several investigations, the most recent one being that
of Cook and Chapmanl in which a compiete theoretical description of the
unsteady boundary layer is presented for shock speéds ranging to 9 km/sec.
However, experimental vertification of the theory is lacking for a
iarge part of the range of shock speeds‘éénsidéred. The preseni investi-
gation was initiated for the purpose of experimentally vérifying the theory

“of Ref. 1. A quantity associated with the transient nature of the boundary

layer that can be measured is the plate surface heat flux. As a result,



this investigation focuses primarily on experimental verification of
p -

theoretically prédicted beat transfer rates for the unsteady laminar flatv plate

-

boundary layer. The experiments reported here cover shock speeds ranging

from 1,695 to 7.34% km/secc and were performed using air and nitrogen as the

test gas.
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THEORY OF THE UNSTEADY SHOOK INDUCED LAMINAR BOUNDARY LAYER ON A FLAT PLATE

In view of the c0mp1exi£y of the theoretical aﬁalysis of the shock
induced unsteady laminar bounda;y layer on a flat plate, the theory ﬁresented
in previous papers on this subject will be summarized here in some deﬁai1.
2-4 originated the study of the shocﬁ induced boundary laver

6

Lam and Crocco
‘on a fiat plate, Feldexmams’ extendad the work of ‘Lam and Crocco by
.obtaining an extended range of theoretical solutiﬁns to the governing equations
"to predict unsteady heat transfer fates to the flat plate. He also experi-
mentally verified the theory for a range of relatively loﬁ speed flows, More

recently the basic approach of Lam and Crocco was used by Cook and Chapmanl

in the study of laminar boqndary layers induced by shocks with speeds ranging

from 1,12 to 9 km/sec, A complete description of the boundary layer develop-

ment‘is presernted for this range of shock speeds for equilibrium air at a

pressure of one atmosphere behind the shock, Results describe the unstesdy

nature of the boundary layer in terms of friction coefficients, heat transfer

quantities; and velocity, displacement, and momentum thicknesses as a

function of a single position~time variable., The following sections present

'8 review of the considerations that served as the basis for the analysis

presented in Ref. 1.



A

Boundary Layer Descriptien

The boundary layer of interest is that shown schematically in Fig. 1(a).
The shock wave is assumed to propagate into region 1 with constant velocity
Us. At zero time the shock is at the leading edge of the stationary plate
and by time t the shock wave has traveled a distance U.t in the positive x
direction, and an unsteady boundary layer has developed on the plate between the
leading edge and the shock. The free-stream velocity behind the shock relative
to the plate is ugs and in time t the free-stream fluid particles initially
over thé plate leading edgé have moved a distance x = u,t- The region between
Ust and u,t contains only fluid particles that initially occupied positions
downstream of the leading edge. Thus the boundary layer developed in this
region (deaoted as the M region) is identical to that induced by the moving
shock on the shock tube side wall sinece the plate leading edge does not
influence M region particles, Near the leading edge of the plate the
boundary layer is that for steady flow over the plate, As will be seen,
these two regions play an important role in the solution of the governing
boundary layer equartions, |

A key factor in the physical interpretation of the boundary layer develop-
ment and the solution of the governing equations is selection of a coordinate
system in vhich to view the problem. The variables of Lam and Crocc02'4
form a “natural" set of independent variables that readily permits interpre-
tation of certain important features of the problem. First, a transformation
is made to change from the variaoles of Fig. 1(a), (x,&,t), to (x,u,t) where
u is'the x component of velocity. Next,dimensionless variables are defined
“as ot % x/ugt, % = ﬁ/uo, and ¥ = uit/?ﬁb, wvhere ‘?; is the kirvematic
viscosity. An interpreration of the problem in terms of these variables is

-

présented in Fig. 1(b}. E = 0 and ($=1 torrcspond to the wall and



free-stream respectively. The regicn of interest on the @i axis ranges

from zero to A. = U t/u ¢ = Usfu = A defines the shock position. The
‘ 5 o

region 12 ¥ A, ¥>0, is the M region and of = 1 delineates the dividiug

line in the {ree-stream vhat sepavates the fluid partiecles initially upstrcam
T

and downstrean of the leading edge. The region O£ £ 1, 0L @ £ 1, ¥»0,

is denoted as the inceraction region after Lam’. Small values of o covrespond

to §teady state conditicns. This can be seen by coasidering the problewm

{rom two points of view, For any fixed x position, incrzasing time corresponds
!

to aecreasing values of « and approach to the steady state condition for

tha# . © = 0 corresponds to infinite time., Alternately, when time is

fixéd an@ snall values of x compared to uot ave considerad (i.e., at smzll « ),

steédy state would be cxpected. Thus the dual role of the ®f variable

becomes evident, As noted schematically in Fig. L{(b), the region of interes:

in o, @,V space is 0SB £ 1, 05 & £ A, ¥»0. Prior to considering

the governing equations for the unsteady problem, solutions for the bounding

M and steady state regions will be discussed,

Solution of the Steady State and M Region Boundary Layer Eguations
A unique similaricy exists between the steady flat plate boundary layer
and that for the M region waen the M region is considered in shock fixed
coordinates in that the govevrning eqguations and the boundary condicions for
thesé seemingly different cases are nearly idenfical. The governing equations for
for these boundary layers have been combined into a single set of equations in
Ref. 7 which is sunmarized as follows.
Consider the steady boundary layer om.a stationary flat plate as shown
in Fig. 2(a). The wgll ?clscity v ig zero and the free-siteam velocity is
A typicel velacity profile'is shown, Fig. Z(b) shows a

denoted by U .



shock wave mnoving with velocity Us'into region 1 along and perpead§cu1ar
to a flat wall of infinite extent. The velocity of the £luid behind the
shock is uy. The shock wave may be fixzed by subtrecting Ug from every part
of the flow field, including the wall. The resulting flow is illustrated

in Figure 2(c). Note that the wall veloecity u, is greater than the free-
stream velocity ugps . Also, the transformation to shock-fixed coordinates
removes the unsteadiness which is present in the wall-fixed reference frame,
The similarity between the M region and steady-state boundary lafers is

now evident., The only differcence is that the wall velocity is finite for

the M region case and zero for the steady-state case.

The analysis mﬁy continue now by treating the steady-state boundary
layer, Fig. 2(a), and the M region boundary layer, Kig. 2(c), as the same
problem except for the wall velocities. The continuity, momentum, aund energy
Lequations for steady, thin two-dimensional, compressible, laminar boundary-

layer in thermochemical equilibrium with zero pressure gradient are:

Continuity:
i_(if(@ ¥ %ﬁi_fl = o | )
¢4
.Momentum
1 oW du O 3
9 Sy v 2 = 9 [y ol
Energy .
Uwg_h ’féh ::é_ JedT 4 é_..,q-_z' - (3)
P S + f . zgéi( ag) H(aﬂ) |

In these equations x is either x in Fig. 2(a) or x' in Fig. 2(¢). Jn Eq. (3)

k is the total thermal cnnductivityg.



Tne boundary conditions, referring tc Tigs. 2(a) and 2{c¢);are:

0 for steady-state case

ulx,0) N uy, for M region case (h2)
v(x,0) = 0 - (4b)
n(x,0) = h, | o (he)
hix,®) = h, : : | (4d)
u(x, @) = ug (b4e)
In Eq. (4¢) h, is assumed constant. Using boundary conditions (4a) and
{4b), eveluation of Eq. (2) at the wall (y = 0) yields
d (jﬂé_t_e-)l = :5_7;“*{ = 0 )
5y 58 duo

E;_
where ¥ is the shear stress. Thus boundary condition (4b) wmay be replaced

by Eq. (5). The independent variables are now changed from (x,y) to

{ ? = %, u) and the boundary layer equations becomes;

continuity R ' ‘
(pu) =92 ¢00) « L (ov) = o |
{5 7 guh(f) A uu (P )“ (6)
momentum P
TR e uw(dEy = oo | ;
Uy ( ('r'ﬁ‘ ,ad ) . ( )
ené;gy

o | ) ‘?“ ’E{g . [, ;’h_. .
prrvby (i LY (T = () |1 (*z;»H ®



. . 8 ; ,
where ¢~ is the effective Prandtl number® which fmplicitly iunecrporates
the influence of dissociation and ionization. The trengformed boundary

conditions are;

at vo= oy (v = 0)
h = hw ' , (9&)
¥
"}"u- 0 (Sb)
at u = u, {y =)
h = hy, ' (9¢)
e o (94)
The following dimensionless variables are now introduced:
54
T (10)
T = o——
foo Yo
@ - Uy = U (11)
U, - Ug |

H - h =~ hw (12)

heo

The momentum equation then becomes

) | - -
(1 -2y Too ¥ 6" (Pu ‘7‘) | . 43
Us '



where
¥y | TN |
B = v +(~-—1'5)\3 (14)
U Ueo ;
‘ : 3 d
Note that for the steady state case gzg since u, = 0.
The energy equation becomes
o 2 | , 2 %
7 (oo W)™, 1T PA Lo~ Uo) B H?;
T?éf*f@: ' WYT"&—H@ - 5 -
haa $ J%D'L%ﬁ
The boundary conditions become
at @ = 0 andall 7
% = 0 | O (16a)
B = H, , (16b)
“at B= 1 and all 7
= 0 : | _ ‘ (16¢)
H= 0 ' (16d)

Note that‘fhe difference between the M region and the steady state
bounﬁary layers is incorﬁorated in the equations in terms of u,. The
boundary conditioné are now the same for both cases.

The solution of the momentum equation is found by separation of variables,

_The solution for the shear stress is:

(@) (17)
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where ¢ (@) is the solution of:

¢¢5§$ + > ®] (i8)

L

|

and C ”ﬁj""/ﬁms}%' _ : : ) _ . : {19)

Substituting Eq. (17) into Eq. (13), the energy equation becohes:

o 2
b {fl'!@ gb?ﬁﬁf:_a“ ) + tf,é(é%: HQ 1 DA B 7{1-*:','2 (20)
ieo /g’ - fes

i
It is noted that the form of Eq. (20) does not change with increasing %i’
and that the boundary conditions on H, Egs. (16b) and (16d), are the same
for'all‘? . Thus the solution does not depend on ?,and the last term

may be dropped from Egq. (20). The energy equation can then be written as:

1-o - | 2 t=< '
fé..a__h._}_)g = - 4’) ¢ - - ch" Ha Lr & (21)

The boundary conditions are now
gg= 0, H=H, at § =

¢ =0, H=0 at e = 1.

Thus Eqs. (18) and (21) may be written in integral form as:

b = | (o [ ) s’* par|
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HBY = - H {0y 280 ASLAE
f 6! o (0 j & (P) d
o P
(Ueam Un)’ J nti) '
S T R — = @ (Nr) dN d P
‘o [ B0
g {F GJ H
5o | mew H, .aifcp(m)_] g, dNdP (23
6 Q
where
-o®

G = [$@]1

and P and N are dummy variables for B . Coupling exists between Egs., (22)
and (23) since C, Eq. (19), appears in Eq., (22) and is a function of H,.
Of particular interest here is the wall heat flux q, = -k(BTD’Ay)w,

which, when written in terms of the present variables, becomes:

- ?-W Jor.o u-zm ILIGO .
B * G iy (e a

where (H@)w is the enthalpy gradient at the wall ( ? = 0). Substituting

for ?ﬂg from Eq. (17) a dimensionless heat transfer quantity is obtained.

;QW\[;’ o
Q = &l o ¢ GAW
Y

(25)
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Thus, spacification of v, in Eq. (22) (through Eg. {14)) and in Eq. (23)
permits evaluation of the dimensionlass shear stress, FPyg. (l?), and the
dimenSionleés heat transfer, Eq; (25), for either the steady state boundary
Jlayer or the M region boundary layer viewad in sﬁock~fixeq coordinates.
| At this point interpretation of the quantities obtained above can be
made in term of the coordinates in Fig. 2., Consider first the steady
boundary layer in Fig. 2(a). The profiles @(@) and H(@) obtained from
Eqs. {22) and (23) with u, = 0, denoﬁed here as @(63)55 andli(@)ss, apply
to fhis boundary layer. In addition, the she#r stress and heat traasfer

from Egqs. (17) and (25) are

(26)

B () @

W

S$

where ? in Egs., (17} and (25) is replaced by x, the plate distance
coordinate in both Figs. 1(a) and 2(a), and the subscript "o' is used to
deﬁote the free-stream quantities.

Next consider the M region boundary viewed in shock fixed coordinates,
Fig. 2{(c). The 9(@) and H(@) profiles obt;ined from Egs, (22) and (23)
with u_ = U_, which are denoted as ¢(§)}isf and H(@)Msf, apply to the
,boundary layer in this figure. The expressions for shear stress and heat

transfer from Egqs. (17) and (25) are:

wr AN o [ Ak oo (28
7’(‘"*@/ "\{ u@)tﬁummx Cj>(<3)m$ |
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ST
Mse r:———-____., = ey G, (29).
n@\!j‘ag}i.m oo z

Mz
where x' is the distance coordinate measured in the downstream direction .
relative to the shock as shown in Fig., 2(¢). It iz also nofed from Fig. 2(c¢)
that U /fu_ = / O.,, the density ratio across the shock.
s oo foe] 1

When a point on the moving wall is at the origin of the x', y' coordinate
system of Fig., 2{c) at time t' = 0, the position of the point at time t' 1is
x' = Ust'. Nete that this is also the distance the moving shock travels

past a point on the shock tube sidewall in time t', Substitution of x' = Ust

into Eq. (29) yields

%\Jt - ﬂu‘) \/'Pw,i’i‘m L oo [C,éw(Hﬁ)w

T U

Msé (30)
given
Thus, for & ﬁ\51uewall boundary layer, gq v = const.

Egs. (26) and (27) and Eqs. (28) and (29) provide the shear stress and

heat transfer solutinns in the coordinate systems noted for thessa equatioms.

-~

it is next of interest o transfer each of these solutions te the coordinate

-

system of Fig. 1(b), i.e., to the coordinates of= x/uot, Q? ﬂ‘u/uo, and
?’ = uit/v;. For the steady state region this is readily accomplished and

Eqs. (26} and (27) become:

‘7‘39(& g ¥) j @(@jos TS

AL e [ |
Qss © '_O” () = = 'i,%(%)“’ - (32)
: \ $8 |

h, o Ue
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For the M region of Fig. 1{b) it is noted that x + %' = Ust’ where x is
the distance covordinate in Fig., 1{a) and x' Is the distance coordinate in
Fig. 2(¢) in which u is the free stream velocity. Hence u, tu, = U

Substitution For x' and U, in Egs. (28) and (29) yields for the M region:

iy [ A- ey | (33)
T80 = ooy 9@,

Y{4~o)
(ijéz"'s’ (‘L‘{g) ] (34)

QLoY) = Swvel¥ G fgi(ﬁ,-l)
e 2 — -
o fo Ut A=
L‘oja S o

Further interpretation of Egs. {(31) to (34) will be made after the

interaction region solutions are discussed,
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Solution of the Beundary Layer Equatioas for the Interactieon KRepion

The egquations for the laminar boundary layer in the intevactioun region

for real gas flows in thermrochemical equilibrium are:

continuity .
92 dewd L o g ' - (35)
ae 2R é;
momen tum Féﬁ" +oow O% pv dtr . & f}wu:) | (36)
EEAE A ¥ &F T ey oy

energy 5);3‘)2‘ * fdu dn + PV ..;‘,&'_;;1 = ..’};E(aszé:i) rJ_L(AlL\ (37)

where k in Eq. (37) is the total thermal conductivity and the coordinate
system is that of Fig. 1(a). From previous discusslon it is noted that

the following boundary conditions apply.

u(x,0,t) = 0 - | | o (38a)
v(x,0,t) = 0 | ' (38D)
h(x,0,t) = h, = const. , | {38c)
u(x,00,t) = u, (384)
h(x,c0,t) = h, ‘ , (38e)

Evalustion of the momentum equation at the wall yields:

4 3 v th : ‘ g9
C ({.a) LA r b 0 . (3 )
3 Szc &g Ls:.-o 7

which replaces boundary‘tonditlon (38b). Transforming the equations from

the independent variables (x,v,&) to (% = %, u, £ = t} and incorporating

.

‘the continuity equations into the momentum and energy equatioms, Egs. (35)

te (37) become;

it



momentum L (f?,&.\ + r}fl‘” 4+ /jl_,e,i,."g - {4
el L vy, F
H ‘[}'u \ i /‘: .
; T N B ' ,y,{? ,,wg/?"*g, \ .
enargy }'3 L .'5;:, + L 1'{‘; & 71,_ ﬂu‘_ wm ) 4 7 (-6__— (S (&1Y
L 1 o u.

Q" in Eq. (41) is the effective Prandtl numbera. Equations (40) and (41) written
in terms of the independent variables of Fig, 1(b), &= x/uot v P = ufuo
and ¥ = uzt/ 3, with H= (h - h )/h_ and ?”l = ’f"%/ w? as independent

o o’ ) ‘ o' o " fc: o

variables are;

; —etl N
?"'ﬁ?%,ﬁ = C(@‘ i+ e - 7'é, +7T (?’-—?E) Cu (42}
Q[HV—H" ji.:_r‘i;!.i». I)Jr}gf_,! - LAG ri,a "}-T :-MH (L’;j)
\ ‘J

where C =J9uffc/uo' A solution for the shear stress in terms of a new

shear stress variable ¢ ig defined as ' -
T 3Y) = géfq,ﬁ%)//‘ﬁf’ (44)

Wnen this expression is substituted into Egs, (42) and (43), these equations

tecome: , )
¢dy - Ct (B-) «qu(t«-é’kc + Cpsf?/ = Y (€4 - ¢e,) (45)
;') O L Lot (B-et) °<) Ue . Cuy |
IV L0 QM ) - o LR RO R 46)
(G' ¢ " PN ) @ " h, Q= Hy (
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The regicn of interest For the above equations is the interaction region

¥ o 0, in Fig. 1(D). Hence,boundary conditicns wust

Ozet = 1, 05 = 1,
be supplied for this region. - The boundary conditions on ¢ at o = 0 ave
furnished by the previously discussed steady state solution of the menmentum

. 2 ,
equation, Lam has shown that. the solution at ©{ = 1 is that for the M

region at = 1, Combination of Egs. (33) and (44) yields

(&7)

which expresses ¢ for the M region of Fig. 1(b). The boundary conditions
for @': 0 and 6 = 1 are obtained by transferring those listed in Egs, (38)
to the (u’,@ ,Y) coordinate system. The boundary conditions for Eqs. (45)

and (46) then beconme:

B (0,B,¥) = $(B), 0O, B,¥) = H(®) 4, | (482)
6, 8,¥) = 0By, RGN = 5B, (48b)
¢ («,0,Y) = py H(®,0,Y) = B ’ (48¢)
¢ ((,1,V) =0 H(et,1,¥) = 0 | (484)

It is noted that these boundary conditions are independent of Y, Furthe}:,.
it is noted that FEqgs. (453) and (46) do not change in form as ¥ changes, i.e.,
w’nAen v* = BY (where B is an arbitrary constant) 1is substituted into Egs.
(45) and (46), the expressions on the righthand side of these equations

wnderge no change in form. Hence @ and I are independent of Y and therefore
the Y derivatives.are zero. H and @ remain as functions of o and .‘@ oitly.

Integration of Egqs. (45) and (46) along lines of constant ¢ along with the
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application of the boundayy conditions” in Egs, (48) yields:

NE £
@(b‘,}%-) = 4 (‘a’:'f@(l.?', (’_..C_‘..G_‘i{i)_ l: -2 (A-)
: 63 J {rﬁc\)"\} .
) 7 "%
; ( RGO EMH SAdEL u9)
@ (4,0 C (&, A) J
: = GEL0) !
| ¢ el | oG g) .
HEE) = H S 0" (w,0) ’ - (ej,«) - 4 7
e ¢ iCH:
! g )
o (L, %) C@.SJ\)(«%"‘%) o (e, :
- 4’:«0'(&”1 "'Q ¥ O, h) , é.},éefg
5 @8 J, ¢ (ot )
J 5
e e L a2 p= 6 (L,A)
pdef ot Lo Teandads
° ). ¢ Yx,4)
( | & »
ARIGR
4 ?"OQ:? @ () Heeh) Ladea) G Ny an d
(}f; :‘3(‘:{ ﬂ) G"'@‘{Jh)
S o (50)

+gef. 1 lists four additional "derived" boundary conditions which aid in the
Ty

numerical solutions of Egs., (49} and (50). They are: (r"') (O fi) -
H
o

Ha (o, ()"“ Qs ¢ (1,%)= r¢,s_c,.pq;f/‘~! [""3/{ ”f""fﬂ {03) =,
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As was the case for the energy and momentum equztions for the steady state
and M regions, Egs. (49) and (50) are coupled since C in Eq., (49) I

function of H determined by Eq. (50) and & in Fq. (49) also appears in Eg.

(50).

L)

Of concern here is the expression fer the wall heat flux q = -k(;3T/E}Y)W

for the interaction region., In terms of the present variables,

t

Qur (6, ¥) = TEOTR Lo ho

. k. (e, 0) {51a)
G ol

P len L-o\{g_‘ Qa o) H (of, C) (51b)

where 6(™,0) and He («,0) are from the solutions of Egs. (49) and (50)
respectively and substitution for ¥ from Eq. (&4) has been made. Equa-

- "1

tion (51b) can be written in dimensionless form as

CQGXV(D) - T VY ¢

Po Wo by PL,0) Hy (,0) >2)
Thus the heat transfer variable Q has been specified for the complete-range
of interest: referring to Fig. 1(5), Eq. (32) applies to the steady state
portion of the intéraction region, Eq; (52) is applicable to the entire
interaction region, and Eq. (34) applies to the M region. It is noted that

Q depends only on the time-position variable of.
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Theoretical Heat Tr#nsfer Soluticns

In order to obtain the desired solutions for a given flow conditioi, it
is necéssary to numerically integrate Eqe. (22) and (23) for the steady
state and M regions and Zqs. (49 and {50) for the interaction region. Tlhe
method of solution of these equétions is outlined in ReZ. 1 and 7 and n2ed
not be diséussed. Of the several descriptive boundary.layer characteristics,
only the solutiens for the heat transfer quantities wili be presented, since
heat transfer to the plate is the primary concern of the present study.

Wnen real gases iu equilibrium at high temperatures are congidered,
the dimensionless solutions to the boundary layer egquations depends on pressure,
gince pressure influences the variation of the JF product ratio C :J%%;/quph’
the effective Prandtl number € , and the density ratio .F;ég across the
incidént shock, The soluticons presented in Ref, 1 were obtained for air at
a free-stream pressure P, of 1 atm and Ty = jODOK. The relations for viscosity
and densit§ variation with enthalpy used in obtaining those solutions ave

? and Viegas and Howelo. Mirels'

those presented in equation form by Mirels
equations were used for values of h/hw up o 4.53, The equétions of Viegas
and Howe, which are based on Ref. 8, were applied at. higher values of h/hy,,
The effective Prandel number variation with enthzlpy was taken frqm Ref. 8.
Free-stream properties behind the incident shock were obtained using Refs. 11,
12, and 13, The.solutions for heat tramsfer‘at P, = 1 atm from Ref. 1 serve
as & basis for the discussion in the following paragraphs.

As noted in Ref., 1, interpretation of the sclutions in terms of the
present variables for the boundary layer considered here can be.made‘by
taking two different points of view., Interpretation for fixed x positiong
is desired for the preseat study becauvse measurement of the heat flux to the

plate is made at fixed ® values., Also of some ianterest is the nature and
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configuration of thé boundary layer at any point in time, However, for the
reason noted, ounly-the fized x interpretation will be made here, It is

noted that the quantity (cff)% appears in each of the equations, Egs. (32),
(34), and (52), that collectively predict the heat transfer quantity Q vs ol .

L)

X 1 ) .
Substituting for of and ¥, (KY)T = (ugx/7ry)? = (Re)%. Thus for fixed x,

N - ,
5 CQ{) = zw (:;?{'\)& G\:v/(jﬂo WUa ho) = pmmmmmIm—e (53)

vhere Re is the Reynolds number and x is the distance weasured from the

plate leading edge. A typical solution for Q, vs & is presented in Fig. 3.
When x is fixed, 4 = x/uyt becomes a time variable and of decreases with
increasing time. The time x/Ug corresponds to the shock arrival at the
given x location and the corresponding value dft& is A, Times less than

x/Ug (values of & > A) are of no interest. With increasing time the boundary
layer develops and approaches the steady state condition for thé given x
location., This behavior is observed in terms of Q. iq the figure. Eq. (34%)
for the M region predicts the expected infinite value for Q, at « = A, With
decreasing o (increasing time) @, decays to (QW(HB)W)MSf at o= 1 according
to Eq. (34). Qy continues to decay along the curve predicted by Eq. (52) and
appfoaches the steady state solution, Eq, (32), asymtotically with decreasing of.

!Several important observations can be made regarding the soluticns for

Qy typified by Fig, 3. First, a given solution Qy vs of is self similar -in
" the sense that it applies at any fixed x provided the plate is at least of
“length Ugt. Next, as might be expected, the steady state Q, is essentially
reached at values of o« » 0, i.e., before\infinite time. Further, the
interaction region solution is asymototic to both the steady state and M

region solutions as is illustrated by the extended curves for these regions.
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T ’ - ‘. l it . -"
Use has vesn wmade of this faect to correlate thz heal transfer resusts (Ref. 1.

Fig. 4 presents such a correlation for air. This figure presents two raties

defined as

0., Ea. (52) y |
E = = - el 54)
58 Qys Bq. (32) ¢
& _ O Ea. (52) (55)
J Qx, Bg. (34)

in tems of & and the shock speed Ug. This figure pewmits Qy vs ¢4 to be

prediéted provided the steady state and M region values for Q, are available.

Quantities which permit the detemsination of Q, for the steady statg,and M region
for air at a pressure of 1 atm are presented in Fig, 5. To construct a

solution Q, vs «¢ for a given Uy, the known steady state and M solutions are

extended in the manner shown in Fig. 3, Values of the ratios Rgy and Ry

and the corresponding of values are then determined from Fig. 4 at the given

ts. Egs. (54) and (55) are next used to predict values Q, (at the several
c. values corresponding to the ratio values in Fig. 4) for the interaction

‘region. The interaction region curve can then be drawn through these points
asymtotic to the steady state and M region extended curves, This method

eliminates the somewhat tedious and expensive procedure of solving Egs, (49)

and (50) in order to compute Qx for the interaction region by Eq. (52),

The influence of pressure on valées for the dimcn;ionlcss boundary laver
guantities is most pronounced for shock tube flows generated by incident
shocks at high speeds, For air with Tw = T} = 300°K, the influence of pressure
on the dimensionless boundary layer quantities begins at about U, =2 km/sec,
. and increases with increesing shock speed, Therefore,ior cases for which
the incident shock speed is low, the solutions Q, vs ed deterﬁined using I"igs,

4 and 5 would be satisfacvory regardless of the value of Py For high shock



speeds where P, differs significantly from 1 atm,, the guantities in_Fig. 5,
especially those for the M region, are not satisfactory, and it is therejiore
necessary to obtain éolutions to Egs. (22) and (23) at the given pressure
that lead to computation of Qx for the steaady state and il Fegions by Egs. (32)
and {34y, For ekact solutions in the intervaction region at high shock spezds
it is also necessary to solve Eqs. {(49) and (50) at the given pressure in
order to determine Qx in the interaction region using Eq. (52). However,
since it is not easy to obtain these solutions, a good approximation of the
solution for Qx in the interaction region can be obtained using the ratios
in Fig. 4 provided the quantities for Eqs. (32) and (34) are obtained at the
given pressure, |

Fig. 4 is strictly applicable crly to air., However, it is doubtful that

the ratios R.. and RM would be significantly different for nitrogen.
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HEAT FLUX MEASUREMENT IN SHOCK TUBE FLOWS

In order to measure transient heat transfer rates in shock tube flows
it is necessary to use an instrument with very fast response; one with a
respénse time of a few microseconds or less. This consideration is particularly
important when the flow duration is of the order of tens of microseconds. In
addition to fast response it is important that the instrument be reliable, easy
to construct and use, and durable. The thin-film heat flux gagel4 is the only
practical type heat flux gage that satisfies most of these requirements and
- was therefore chosen to measure heat transfer rates in this study. The central
idea of the gage system is to measure the temperature on or near the surface of
a semi-infinite solid initially at uniform temperature exposed to the shock
tube flow and to deduce the heat flux to the solid using heat conduction
theory and the measured temperature. The purpose of.this section is to des-
cribe some of the important theoretical and practical considerations involved
in heat flux measurement using thin-film heat flux gages.

The Thin-film Heat Flux Gage

Fig, 6 shows a schematic of the thin-film heat flux gage. A platinum
film of thickness 3 is deposited on the surface of a substrate that is of
sufficient thickness to behave és a semi-infinite medium during the shock
tube testing time. Code 7740 Pyrex is a commonly used substrate since its
thermal properties are well known, A coating of thickness SC (usually silicon
dioxidels) is deposited over the platinum film to eliminate electrical
shortiﬁg of the gage if the gage is to be used in ionized flows. The platinum
film serves as a resistance thermometer and is placed in a "ballast' circuit

in which the electrical current is maintained essentially constant by making -
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RB very large compared to the film resistance. An oscilloscope and camsva
is used to record the filia voltage change vs time during testing. The gege
voltage response may be related to temperature change as follows., Considering
the current I, in Fig. & to be constant, the voltage change across the film

.

is given by

AEp = I_ARg (56)

vhere ARy is the change in filw resistance which is related to temperature
change T to a high degree of accuraey in the range of temperature change of

concern here by the linear relation

LRp = (LR/AB)T

vhere AR/&6 is the slope of the resistance vs temperature plot for the

film, Substituting into Eq. (563}

AEp = I, (AR/LO) T = IOR_O (LHR/HBRHT =E, T

or ' . -

T = AEp/E, I' | (5D

E, is the initial voltage drop across the film which has an initial
'_resisxénce RO. Thus when I, is constant® the temperature change T indicated

by the film is related to E, , the film voltage change Ay (a function of

time) recovded by the oscilloscope, and the resistance-temperature parameter " .

The latter guantity is usually determined by static measurement of resistance

vs temperature for the film.

Y

*A more detailed analvsis of the thin-film gage circuit which deoes not assume
constant current yvields the fnllowing expression for the teuwperature change

T = [ 1+ (Ro+&aRp)/Rg] (BER/ES )

Thus if RBZIOO RO, oe
corvect within one per

. (57) vields temperature change values that are
cent,
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Interpretation of Gage Response

In general it is a complex matter to interpret thin-film gage respounse
to determine the surface heat flux, especially for times of the order of
microseconds. This is due in part to the finite thickness of both the -
coating and the platinum film. It is noted that the fiim would, due to the
presence of the coating, respond to a temperature change that is not that on
the surface. A temperature gradient might.exist through the {ilm adding a
further complication. No solution is readily available for this coemplex heat
conduction problem. However certain special cases have been solved that permit
insight into the influence of the factors mentioned above.

It should be noted that the characteristic heat diffusion depth (see
Carslaw and Jaeger, Ref. 16) is muéh less than the gage width W shown in
section A-A of Fig. 6 for the time intervals of concern here. Therefore heat
conduction in the gage materials can reasonably be treated in one dimensiomn.

Uncoated platipum film. - One special case of interest is that in which

the coating thickness SC is zero, i.e., the case of an uncecated platinum film
on pyrex. As a result of the fact that platinum thermal properties differ
significantly from those of pyrex, the platinum film on the pyrex substrate
will at very early times after heat flux application have a temperature different
thén the surface of the adjacent substrate not covered by the film. Hence at
early times the film does not indicate the true substrate surface temperaturer
denoted here as K. Kurzrock17 and Camac and FeinberglB have analyzed this
problem for certain cases of surface heat flux variation with time and
deternined the temperature change T1 at the interface of £he platinum and the
spbstrate. Fig. 7,which is based on the work of theée investigators, presents

. gurves Tl/ﬂm)vs the Fourier moduluéla for. two cases of éurface heat flﬁx.

: -1
The case of the surface heat flux proportional to t % jg of particular interest

here because this is the heat flux variation with time that would be expected
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on the shock tube side wall as the shock wave passes any given location. This
heat flux case has not been investigated as tiioroughly as has the constant
heat flux case. However, it is noted that the approximate curves for this case,
which are based on computations for a small range of"E—}F in Ref. 18, are not
significantly different from those for the constant heat flux case. It is

noted in Fig. 7 that in additionm to a dependence on o =C¥f,t/ 8; and a mild

dependence on the nature of the surface heat flux, TI/TEG also depends on the

quantity V’z\J(kfpc)S/(kjbc)F7. (The subseripts s and F indicate substrate
and film respectively and CX% is the film thermal diffusivity. In this section
t is time measured from the instant of application of the heat flux and is not
the time in the distance-time variable ¢{.) For platinum on pyfex, w = 0.1,

as noted in the figure. The cuxrves show that when ¢ is very large (i.e., for
large times or small SF) TI/%p ig essentially unity regardless of the nature
of the surface heat flux or the value of ¥ . Under this condition

substitution of gage response {voltage vs time) into

Eq. (57) yields the true substrate surface temperature change. Wh;ﬁ substrate
properties are considered to be constant and one dimensional heat conduction

is assumed,the heat flux can be found by the expression18’19

(o,8) L ERpCly ’-T""“’ ‘J. T("*} 702 4, (58)
% 1 & v 7
f'r"‘* Lz (e N

where T(Q,t) is the substrate surface temperature change T,, that would exist

in the absence of the film (or‘coatiﬁg) and is an arbitrary function of time.
For the case where the modulus 6% is emall, i.e., small times or a

relatiﬁely khick film, it can be seen in Fig. 7 that TI/T&JiQ legs than unity.

Fig. & presents for %’= 0.1 and the two cases of surface heat flux the ratio

TI/ThD vs time computed for a renge of Ef for £ilm thicknesses of 250 A° and
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1000 A°. Due to the high thermél diffusivity of:platinum, only a small
temperature gradient would be expected through the film regardless of the value
of'gF. Therefore the temperature sensed by the film would be essentially TI'
This is then the temperature vs time that would be computed from the gage
response (voltage vs time) using Eq.(SZl Since TI is not ;he true substrate
surface temperature, integration of Eq.(SQ}using this computed temperature
would yield an incorrect heat flux variation with time, However, Fig. & can
be psed to estimate the true substrate temperature T_, és follows:

i

T - L X(Hg. 57) 59.
T T(0,t) py: (59)

|
where cf is a correction factor approximated by

cf = T /T, . (69)
and TI/T00 is from a curve like those in Fig. 8 with Y < 0.1 plotted for the
given film thickness and the approximate expected surface heat flux. Selection
of a curve corresponding to the expected surface heat flux is necessary because
the true heat flux is obviously not known a priori. Use of such a curve amounts
to assuming that the nature of the surface heat flux is of secondary importance
in determining T(O,t?. Support for the latter assumption is found in Fig. 8.

It can be seen for the constant heat flux case that changing éhe film thickness
by a factor of four has a pronounced effect on TI/TCD . However the influence
of the nature of the surface heat flux is smaller, as can be seen from

the curves for Vj= 0.1 for the two heat flux cases at a film thickness of

1000 A®. Thus it is seen that precise knowledge of the film thickness is

more important in determining cf in Egq. (59) by Eq. (60) than is knowledge of
the nature of the surface heat flux. ‘

Coating over a very thin platinum film. Another case of interest is

that in which the film thickness approaches zero but the coating thickness
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is not zero. This would correspond to a coating over a very thin film.
In this case the film senses the temperature a distance GC below the
surface, not the true substrate surface temperature. Curves in Fig. 7

permit analysis of this case also, Agsuming that the coating has the samc

thermal properties as pyrex, the modulus ¥ =#3ﬂocgaﬁﬁﬁpc)F = 1. The
interface temperature change Ty is then given as a function of the modulus
'éF (§F = CKbt/ 502 in this case) by the ¥ =1 curves in Fig. 7. Fig. & also
preseupé T1/Tgp vs time for coating thicknesses of 250 and 1000 A°

for the two cases of surface heat flux. Since the film'senses the interface
temperature, T(0,t) for the case of 2 coating over a very thin film can be
computed from Eq. (5%9) in whichrcf would be TI/Tm obtained from curves like those
in Fig. 8 with ¢ = 1, plotted for the given coating thickness and the approxi-
mate surface heat flux variation with time., The curves in Fig. 8 for =1
again indicate that knowledge of the coating thickness is wore important than
precise knowledge of nature of the surface heat flux., After obtaiﬁing T{O,E)

in this manner the heat flux can then be evaluated by Eq. (58).

Determination of Heat Flux from Surface Temperature Variation
Given T{0,t), the semi-infinite solid surface tempefature variation with
time, it is next of concern to determine the surface heat flux q(O;t) by inte-
gfation of Eq. (58), the integration of which is complicated by the fact that
T(0,t) cannot usually be described by a simple mathematical expression. As a
result it is necessary to resort to a nunerical integration method. A method
for numerically integrating Eq. (58) has been developed (Refs. 19-21) that yields
accurate results with a minimum number of divisioné of the time axis., This

method approximates T{0,t) by a piecewise lincar function which is introduced
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into Egq. (58), When integration is performed the following expressicn is
obtained:
N (L A (A IR (CRY o
qn( ’trﬂ) {rr 'lé . N :!‘é
¥ =1 (g = o)™ * (- b’

where t; is the time at the end of the Ith of m time intervals which are nct
necessarily equal. The thermal paramcter (%Fs% hefe applies to the
substrate material. Due to diffusion of the film material into the substrate
during the film deéosition process the thermal properties of the substrate
may be significantly changed. (See Refs. 22 to 24 for exampie) Bogdan24
investigated the variation of\iﬁ}?ﬂ for platinum films on code 7740 pyrex

% with a standard

and determined the guantity to be 0,0737 Btu/ftzoE‘ sec
deviation from the mean of 0,0012. It is concluded that the mean value is
sufficiently accurate for most purposes, Thus when T(0,t) is detemined,

discrete values T(0,tj) at time ty can be determined and introduced inte Eq.

{(61) to numerically determine the heat flux,

Influence of various factors con heat flux evaluation.- In order

to illustrate the influence of various factors on the determinaticn
of the surface heat flux it is convenient to assume a gage response curve.
Fig. 9(a) presents such a curve which represents a function that has an

asymtotic rise to a unit change in temperature,

Time interval size: The first factor to be considered is the influence of

the time interval size on the accuracy of the heat flux computed using Eq. (61).
For this consideration it is assumed that the coating a2nd £ilm thicknesses
approach zero, Thus the gage temperature respons¢ curve is the true surface

temperature change T(0,t). The symbols in Fig. 2(a) indicate heat flux
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values computed from the assumed temperaturé response using Eq. (61) and

the time increments sizes noted in the figure for a period of about 21 usec.

The heat flux is presented in terms of the quantity QVE'/ pﬁiEET; since it is

of interest to compare the heat flux for the assumed gage response curve

with that for a true step in surface temperature. Exact integration of

Eq. (58} for a true unit step in surface temperature yeilds qyg /V(Kpc]s = 1/?1/2,
which is noted on the figure. It is observed that the computed heat transfer
values vs time are essentially the same for computations made using the two
smaller time increments, indicating that a sufficient number of points have

been used to accurately compute the heat flux for the assumed curve. At

early times the computation of heat flux values using the 2.1 usé; time in-
crement differ considerably from those computed using smaller time increments.

By about 20 usec results for all three time increment sizes agree well, and
approach the theoretical value for a unit step in temperature as time increases,
i.e., as the influence of the asymtotic rise of the assumed gage response curve
diminishes. The results in Fig. 9(a) indicate that with sufficiently smaltl

time intervals accurate heat flux values can be computed using Eq. (61).

An additional indication of thé number of points required to compute heat

flux within a prescribed percentage.using Eq. (61) can be obtained by examining
Fig. 10 which is taken from Ref. 19. This figure presents for the two boundary
conditions noted the percent difference between the heat flux computed using

Eq. (61) and the corresponding exact heat flux (determined from exact integration
of Eq. (58}) as a function of the number of equal time intérvais. It is nofed that
the boundary condition has an influence on the accuracy of Eg. (61}, It is noted
in Ref. 19 that the error in computing heat flux using Eq. (61) can be reduced

by using unequal time intervals in such a manner that the boundary condition
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T(O,t)_is accurately described by a piecewise linear function. Thus in
practice it is best to imagine a given T(0,t) curve as being approximated by
a piecewise function and to choose the discrete values of T(O,tI) and ty in
fuch a manner that the curve is described as accurately as Possible by
straight-line segments. The errors for equal time intervals in Fig. 10 can
be viewed as the approximate upper bounds for the respective cases noted
therein that would be encountered using Eq. (61).

| Finite film tﬂickness: Another influence of interest is that of a finite

|
thickness platinum film. For this case, only the condition SC = (0, as

pre%iously analyzed, will be considered. A film thickness of 500 A° s
assLmed. This wvalue represents the maximum thickness expected fcr the films

- used in the experimental phase of this investigation and was estimated from
film thickness measurements of platinum films on pyrex made by McCaa, ref, 22,
Due to the finite film thickness, the assumed gage response in Fig. 9(a) must
be introduced into Eq. (59)'in order to obtain T(0,t) and, in turn,Adiscrete

values T(O,tl) and t_ for computation of heat flux by Eq. (61). The factor

I
cf = TI/TED in Eq. (59) was obtained from a curve TI/Tco vs t {like those in
Fig. 8) plotted for - ¥ = 0.1, é&.= 500 A°, and q(t)l’é = const. The ratio
of the heat flux obtained for a film thickness of 500 A° (denoted as q(O,t)c)
to that obtained with no correction for film thickness (denoted as q(d,t)gr)
was computed for the assumed gage resp;nse curve in Fig, 9(a). This ratio is
shown in‘Fig. 9(b). It ié noted that the difference between the two heat flux
values is not large except at early times and that the différence is less
than 2% after aboutVS Jsec. .

Finite coating thickness: Another influence on heat flux evaluation from

gage response is that of a coating over a platinum film. Again only the case

previously considered, that of a coating over a very thin film, will be
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analyzed, 1In this case the gage response curve, Fig. 9{a), is that for a

very thin film placed between the coating of thickness 5c and the 5u55trate.

A coating thickness of 1000 A® is assumed, and as previously noted, the surface
temperature T(0,t) can be determined from Eq. (59) where cf for this case is
approximated by the radio TI/Tm for the 1000 A° coating, v = 1, q(t)u2 = const in
Fig. 8., Heat flux values for the corrected and uncorrccted gage response

curve, Fig. 9(a), were computed. The curve for the ratio of these two

quantities is présented in fig. 9(b). It is noted that the heat flux ratio

for thi; case is about the same as that for the case of an uncoated 500 2°
platinum film on pyrex, However, thicker coatings yield larger values for

the heat flux ratio.

Variation of substrate properties with temperature: An assumption in the
anﬁlysis leading to Eq. (58) and then to Eq. (61) was that the substrate
properties are conmstant. Since the substrate does uadergo a change in temper-
ature during testing, the accompanying change in substrate property variation
could have an influence. This assumption has been examined and results are
reported in Refs. 19 and 21. Fig. 11 summarizes the results for a platinum
film on pyrex for two boundary conditioms in terms of the ratio q,, the heat
flux computed using variable substrate properties, to Up s the heat flux
computed assuming constant substrate properties. The boundary conditions
noted in Fig. 11 are approximately those for h(o,t) = const (boundary condi-
tion (a)) and heat flux prescribed by q(O,tIVE = const (boundary condition (b))}.
The gage substrate surface temperatufe change encountered in shock tube flows
‘w‘over surfaces parallel to the flow direction such as that over a flat plate

can be of the order of tens of degrees Centigrade. It can be seen from Fig. 11
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-that the variation of substrate properties s.hould not be neglected. In
general incorporation of variable substrate properties into a pumerical
@rocedure z8 was done in the prepération of the curves for Fig. 11 is a
complex matter (see Refs. 19 and 21). Therefore it is desirable to have at
hand & simple means for dcaling with variable properties, A simple but
accurate means of incorporating.variable properties into the determination
of heat flux involves use of Eq. (61}, the results in Fig. 11, the temperature
function é, and a fictitious variation of substrate thermal conductivity

1
k with temperature, Assuming a linear variation of k with T, $ becomes

! $(o,t) = T(O,t) ['_ 1+ ($/2k) T(O,t) ] , (61a)
whefe S is the slope of the k vs T curve. S = O corresponds to the constant
substrate property case yielding é = T(0,t), which is the temperature
variation with time that is uvsed to compute the variation of heat flux with
time for the constant properties case using Eq.(GU. lowever, if S/2kp is

taken as 0.0090/°C and if the temperature §(0,t) determined from Eq.(ﬁlé}is
substituted for T(O,t) in Eq.(éﬂ, the resulting heat flux values when divided
by the corresponding values computed assuming constant substrate properties

- will yield a curve qv/qp that is approximately an average of curves (a) and

(b) in Fig. 11, Hence by use eof thé fictitious surface temperatuvre change

§(O,t) in Eq.(ég, the effects of variable substrate properties on heat flux

determination can be reasonably accounted for.
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- Summary of factors influencing heat flux determination.--Since several

factors have a bearing on evaluation of heat flux from gage response it is
of interest to present a summary with comments on the relative Importance
of each.

“Z[T  Definition of response curve: First and foremost it is essential that
the gage response be recorded and displayed in such a manner that the
response be clearly defined. The horizontal and vertical sensitivi-
ties of the oscilloscope should be selected to obtain as large a
trace as possible, consistent with the usable range of the oscillo-

~scope. Also the Polaroid photo of the trace and the oscilloscope grid
should be carefully taken. If early as well as late time evaluationl
of the heat fiux is to be made two oscilloscopesin parallel should be
used to display the gage response, one with a faster sweep time to
accurately define the early timelportion of the response curve, iwo
methodé are available that work well for determining discrete values
from the response curve for heat flux evaluation. Use oé an optical
lreader which enlarges the trace and permits coordinates to be read
works well when available. A second satisfactory method éonsists

of making a transparent copy of the Polaroid photo of the gage
response and forming an enlarged image of the photo on graph paper
by means of a projector. Thé trace and grid are then transferred to
the graph ﬁaper and values that define the response curve are read

from the graph paper.

g(( VCalibratibn: Calibration quantities related to the gage are M in
Eq. (57) and \/(ijC)S in Eq. {(61}. Accurate determination of
these quantities is important since the heat flux is inversely propor-

tional and proportienal respectively to these gquantities, Experience
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hag shown that it ig necessary to determine [7 for each individual gage.

This is done by measuring resistance vs temperature for the gage using a
constant temperature bath. As previously mentioned, the accepted value for~

'¥(kf’c)s is 0.0737 Btu/ft® OF sec%. Expericence has shown that individual

. »

calibration of each gage to determine \Kkjbc)s is unnecessary.‘

Thin-film and coating thickness! After care has been taken to obtain good
trace definition and proper calibration, cerrections for film and coating
thicknesses should be considered if very early times are of interest or if

relative thick coatings or films are used. Although the combined influence

of thickness of the film and coating together has not been analyzed, inferences

can be made from the analysis of the individual effects. It is noted that

the heat flux ratio curve for a platinum film on pyrex in Fig. 9(b) is for a
film thickness of 50O A%, which is the approximate upper limit expected for film
thickness., Therefore, the correction for platinum film thiéﬁness for most
gages would be less than those inferred from Fig. 9(b) and would Be negligible
in practice except at very early times. However, when a coating is used,

the coating thickness may mot be negligible., This can be noted from the fact
that the 1000 A® coating thickness assumed for Fig. 9(b) (pyrex on pyrex)
represents the approximate lower limit of coating thickness necessary to
protect the platinum film from ionization in‘the gas; and, as previously
noted,'coatings with thicknesses greater than 1000 A° yigld heat flux ratio

curves that are higher than the one in Fig. 9(b). This indicates that
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signi{ficant errors may be intrcduced if corrections for the coating thickness
(like those made using Fig. 8 for the example of Fig., 9) are mot included.
When corrections for film or coating thickness are spplied, it is more
imﬁortant‘that the thickness be known than it is to know the nature of the

’

surface heat flux variation with tinme,

Variable substraﬁe propcrties; This influence is important only for large
changes in surface tempersature as noted in Fig. 11. However, as previously
noted, i{he influence of variable substrate propertiés czn readily be incorpor-
ated by use of the temperature function @(O,t) from Eq. @1&)(with S/ka =

0.0018/°¢C) in place of T(O,t) in Eq. (61}

An accurate assessment of the overall uncertainty involved in measuring
_heat transfer rates using thin film gages is difficult to make due to the
large number of factors (and the uncertainty within these factors) that
influence the results., However, ecstimates made on the basis of the method
" Kline and McClintock25 and experience indicate that with %easonable care heat

flux can be measured within +8%.
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EAPERIMENTAL INVESTIGATION
Shock Tuhnes

Three shock tubes were employed in obtaining experimental data in this
investigation. The important quantities related to the use of the shock
tube in this study are the shock specd US and the initial temperature and
" pressure of the test gas. In all cases the initial test gas temperature was
assumod to be room temperature. The following is a brigf degcription of

the three shock tubes used,

Iowa State Engineering Research Tnstitute Shock Tube.--This shock

-tube is cold-gas driven and has a 3 in. x 6 in. rectangular cross section.
The test model was located 30 feet from theldiaphfagm. Shock speeds

are measured using microsecond interval counters which are triggered

by the smplified cutput of thin-film transducers mounted flush with the tube
side wall and pogitioned at 1 foot intervals just upstream of the test
section., For the data taken in this investigation the initial test-gas
pressure was measured using a Veco thermocouple-type vacuum gage which was

calibraced using Mclecd gages.

Three-Inch Combustion-driven Shock Tube.-- This shock tube is located

at the NASA—Ames Research Center. It can be operated in either the cold-gas
or combustion driven mode and has a circular cross section three inches in
diameter, The test model was located 25‘feet from the diaphragm. The shock
speed was measured using microsecond interval counters which were triggered
by the amplified output of pressure transducers spaced at known distances

in the shock tube side wall, The initial test gas pressure P, was measured
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by means of a Wallace and Tiernan bourdon-type absolute pressure gage in the
range of about 5 torr and a McLeod gage for pressures in the range of about

one torr,

Six~inch Arc-driven Shock Tube.--This shock tube is alse located at

the NASA-Ames Research Center. The test model was located 25 ft. from the
diaphragm. Shock speeds were measured by means of ionization probes, associ-
ated electromnics, and a microsecond counter. The probes were spaced 2 feet
apart at a distance 1.5 upstream of the model. The desired initial test gas
pressure p, was obtained using the gas-loading device which is an integral-
part of the shock tube facility. The gas-loading device was calibrated using

a Mcleod gage.
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Models

Flat plate models were designed to completely span the shock tube
except for a small clearﬁnce and were mounted in the tube with zero angle
of attack with the plate test surface approximately on the tube centerline.
Fig. 12 schematically displays the flat plate model design. The plate leading
edge angle w in Fig, 12 was chosen small enough to attach the léading edge
shock. The leading edge radius was maintained at approximately 0.002 inches
in order to minimize the disturbance of the flow over the plate upper surface
caused by leading edge bluntness. The plate length was chosen consistent
with the expected hot-flow testing times and the desire to obtain data over a
wide range of the distance-time variable «. The important features of the
plate models are listed in Table 1.

Thin-film heat flux gages (see section on Heat Transfer Measurement)
were positioned at two or more x locations, xg, on the plate. These gages
were in most cases prepared using substrate elements approximately 1/2" x 1" x
1/8'" thick. Platinum films were applied by the painting and firing technique
using Hanovia 05-x Platinum Bright. Three coats of Platinum Bright were
applied to each gage. Table II lists the gages that were used to obtain the
heat transfer rates presented in this report. Care was taken to mount the
gages flush with the plate test surface in the manner noted in Fig. 12.
Potting materials were used to fill any majoy surface imperfections in the
region bordering the gages. In some tests heat flux gages were also mounted
flush with the shock tube side wall to measure the heat flux through the
side-wall boundary layer: This measurement was made to provide additional
comparative data to verify plate heat transfer measurements in the region of
the flat plate boundary layer (the M region) that is identical to that on

the side wall,
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TABLE 1. FLAT PIATE MODELS

Plate Width x Gage e, Shock Plate Mounting

No. Length Locations . Fig 12{h) Tuba Method
1 3 in. 35.5, 60.5, 14° NASA 3 in. cantilevered
- 6 in. £6.5 mm 1.5.U. from end wall
2 3 in. 52,77 mm 14° NASA 3 in. cantilevered

6 in. from end wall
3 6 in. Set A; 14.7 25° NASA 6 in. anchored by

g in. 28.4, 75.4 mm pins through

Set B; 15.1
38.6, B9.9 mm

side wall
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THIN ¥Y1{ HEAT FLUX GAGES

Gage |Resistance R 0 Eq.(57), Coating Use
No, |ohms at 74%F%  ° op-1
2 56.3 0.00141 None Plate 2, x, = 52 mm
3 74.6 0.00142 None Plate 2, xg = 77 nm
" 15 1i1.6 0.00124 None Plate 1, Xg = 35,5 mm
16 97.9 G, 00131 Nene Plate 1, Xy = 60,5 um
17 116.8 0.00125 None Plate 1, Xg = 86,5 mm
25 90.1 0,00125 $i0, 600A° Sidewall, ISU Shock Tube
40 124.8 0.00122 None Sidewall, ISU Shock Tube
M4 106, 2 0.00135 2510, 2000A° Plate 3,xg = 14,7 mm
N3 203.9 0.00134 2510, 4000A° Plate 3, x, = 58.6 mm
N4 157.2 0.00137 4510, 40004° Plate 3, x, = 88,9 wn
T3 142.0 0.00130 Csapphire Plate 3, Xy = 28.4 wm
T9 191.6 0,00135 4sio, QOOOAO Plate 3, x, = 74,5 mm
V9 1434 0.00133 4510, 4000A° Plate 3, X, = 15,1 mm
02 106, 3 0.00140 Psi0, 9004° Plate 1, %, = 35.5 m
V7 160.0 0.00135 Csapphire Rlate 1, x, = 35.5 mm
v8 155.0 0,00135 Csapphire Plate 1, x; = 60.5mn.

8Placed in oven for 16 hrs. at 900°F to oxidize SiO to 810,.

bplaced in oven for 6 nrs. at 900°F to oxidize Si0 to 510,. .

 CThickness unknowvm.
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Data Analysis

For a given chock tube test the following data weve chiained:

1. The initial pressure and temperature, py and T for the
test gas.

2. The shock speed Ug. ‘

3. Oscilloscope records of the response of each thin-film heat-
flux gage,

Using these data and appropriate calibration quantities, experimental
values of Q, vs o were computed in order to make comparisons with the
corresponding theoretical values of Qx vs e (¥ig. 3) determined for the
particular shock tube test. Experimental values of Q. vs of were computed

by Eq. (53) which may be written as

2.,V v

Qx(c‘(): !—3 ,I_ ¥ h
\“TF'{K? e (,—h":—)h;

or

Ox () = QX T ' (62)
B Yo {hg\ E_,'
RT‘ Cw hli

The sources of the various quantities in Eq. (62) are discussed below.

Heat transfer rates gy = qw(t') at each gage location x = xg; were
determined from gage rasponse recorded:by oscilloscopes using the numerical
method of Eq. (61) and the response curve definition techniques described

under Definition of response curves in the section of this report dealing

with heat flux measurement, Note that t in kEq, {61) must be interpreted as
t', wvhere t' is zero when tbe shock arrives at the gage. The resistance-

temperature guantity M in Eq. (57) was determined for cach heat flux gage
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using measured values of gage resistance vé temperature. The variation in
gage substrate propertics was accounted for using the praviously~described
method embodied in Eq. (613

Corrections for the platinum film thickness were not made to gage response
curves since as previously noted the error involved in ignoring the film
thickness appears to be quite small. Howeﬁer, as noted in the discussion
of Fig. 9b, neglecting the presence of the coatings might lead to larger
errors, Therefore the presence of the coating was not neglected. The
influence of the coatings on gage response could not be accounted for in an
exact manner for two reasons. First, only the approximate thickness ofvthe
coatings (es indicaged by the thickness monitor on . the vacuum deposition
apparatus) were known. A profilometer was not availsable to measure the
coating thickness. Second, the nature of most of the coatings used was not
~known with certainty. As noted in Table II, two materials were used in
coating the gages: $i0 and sapphire. Most of the results presénted in this
report where ccated gages were used were obtained using gages coated with 8i0.
Although sapphire has desirable thermal characteristics and appears to offer
good protection against ionization effects in the flowy, it was not used
extensively due to difficulties encountered in obtaining bonding of the
sapphire coatings to the gage. The gages with Si0 coatings were
placed in an oven to oxidize the $i0O to $i0,. Evidence exists (Ref. 26)
that Si0O coatings in excess of 1000 A® in thickness never completely oxidize
due to the formation of a.crust of §102 that inhibits oxidization of the
remaindér of the coating. Therefore due te. the uncertainties in both thick-.
nesses and the nature of the Si0 coatings and the absence of other information.

the following assumptions were made: the thicknesses listed in Table II
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were correct, and the thermal properties of the coatings were those of

pyrex. Corrections for the sapphire coatings were not made in the two
instances where such coatings were used, because, due to the desirable

thermal characteristics of the sapphire, corrections appear to be unnecessary.
With these assumptions, values for the coating correction factor cf for Eq. (59)
were determined from curves with ¢ = 1 and QVE-= const (like those in Fig. 8)
plotted for the given ceating thickness. This correction coupled with the
correction associated with variable properties for pyrex constituted

the two corrections that were incorporated into the determination of heat

- transfer rates., A further assessment of the influence of these corrections
on experimental results is made later in this report.

The val ues Pq and Tl in Eq. (62) are the measured values for the initial

e
£

pressure and temperature of the test gas and u, = US/A, where A ={ﬁ&9/( -1},
1

The quantity Cy = .p wj"'w/ j? o Mo was determined from real-gas

thermodynanic and transport property relations for the test gas. The ratio

holh1 is the enthalpy ratio across the shock and is determined from the

appropriate real gas normal shock chart using the measured values for Us’ P

and Tl' .}11 is the viscosity of the test gas evalua?ed at Tl’ and © o 1S

the Prandtl number at T = T f>/‘P was also determined from the
W Q 1

1°
appropriate normal shock chart.
Values of of corresponding to the Qx values determined from Eq. (62) are

%X _ XA - ¥a A
o= Uyt U (¢4 %/0%)  Ust't¥g (63)

Thus Eqs. (62) and (63) yield Q_ and corresponding = values at each gage
lecc ation that can be compared with theoretical predictions for Q, vs ol .

As noted previously, the theory for the boundary layer under consideration
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predicts a single curve Q vs of for all x locations oun the plate. Therelfore
=
the gages located at seversl xg values provide data for verification of

this key aspect of the theory.
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RESULTS AND DISCUSSION

Shoék tube exwperiments were cartied out in this investlgation that
produced experimental heat transfer data for gas flows induced by shocks
with speeds rangiung f¥om 1.695 to 7.3%4 km/sec. _Air and nitrogen were used
ag test gases. Experiments with air ware carried out for shock speeds
ranging from 1.6%5 to 2.83 kwm/sec. All heat transfer measurements made in

air were made with uncoated thin-film heat-flux gages. At shock speads

greater than sbout 3 km/see in air or nitrogen, lonizaiion of the test gas

induces spurious gage response signals when uncoated gages are used. Experi-
ments with nitrogen as the teslt gas were carried out using coated gages for
shock speeds ranging from 3.16 to 7.34 km/sec, The results obtained for

each test gas will be presented and discussed separately.

Experiments in Kir (Uncoated Heat~flux Gages)

The results of the experiments with air as thé test gas are compared
with theoretiéal predictions in Figs. 13 to 22. These tests were made using
the Iowa State shock tube and the NASA 3 inch shock tube, The theoretical
curves for Qx vs ¢ in these figufes were deterﬁined using the ratios from
.Fig. 4 and Eqe. (54) and (55). The steady state Qx value, Eq. (32), and Qx
at ol - 1 for Eq. (34) were detérmined f£om Fig, 5 for shock speeds below 2
km/seec., For higher shock speeds these quantities were obtained by solving
Egs. (22) and (23)'for each case using?the Prandtl number variatidn from Ref.
8 and the J/ variation from Ref. 9, This was necassary Because the pressure
behind the shock at the higher shock epeeds differed considerably from.the
pressure of one atmosphare to which Fig, 5 is limited.

The theoretical curves Qx vs ®f in Figs. 13 to 22 ave strictly applicable

only for the condition u.t < L, i.e.,; the flow-initiating shock wave (Fig. la)
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remains on the plate. For a given heat flux gage, the value of t' at which
the shock reaches the trailing edge of the plzate is tﬂ = (L - ﬁg)/Us. (See
Fig. 12) The corresponding value @ can be found from Eq. (63). The
conditign Ust = L is denoted by the half-filled symbol in Figs. 13 to 22,

A heat flux gage vesponse record for the tests made in air is shown in
Fig, 23a. This recerd,which was obtained in Run é 142 for gage 15 (Fig. 22)
at a shock speed of 2.83 km/sec,; is typical of those obtained for the air
-tests and shows no sigﬁificant influence from ionization in the flow,
For runs made at appreciably higher shock speeds, ionization of the
air rendeved the gage responsz signals useless. The regilon 2 testing times
as determined by exémining'thé gage}res;onsg ;;cords were in most cases
appreciably longer than ti for the gage nearest the leading edge of the
plate, o

Fig. 13 presents results for a shock speed of 1.695 km/sec. The extended
theoretical steady state and M region solutions are shown for purposes
.6f comparison with the theoretical interaction region solution, The experi~-
mental results generally agree well with the theory at lower values of o4,
but tend to disagree with the theory at larger valueg of &4, Fig. l4(a) shows
a similar behavior for comparison of experimental results and theory for a
case with U_ = 1.966 km/sec. Examination of Eq. (63) indicates that for a
given Ease}small values of t! corre;pond to lgrge values of ©{. Thus the
region of disggreement in Figs. 13 and 14(&}-c0rresp0nds to small t', It is
therefore of interest to examine the heat transfer results in terms of t',
Fig. lé(b) presents dimensional heat transfer reéults for Ruﬁ NO10, Fig. l4(a),

as a function of t'. Simultanecus to measurement of the plate heat
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transfer presente& in Fig. 14(a), the side wall heaf flux was méasured‘in

Run N 010. As indicated by Eq. (30}, qw(t')1/2 = const for the side wall
boundary layer. The theoretical value of qw(t’)l./2 for Run N 010 is indicated

in Fig. 14(b). Also shown are experimental values of qw(t'),lf/2 determined from
the response of thin film heat flux gage 40 which was mounted flush with the

side wall of the shock tube, Agreement of these values with theory is very good
after the first few microseconds. Experimental values of qw'(t')l/2 as indicated
by plate gages 15 and 16 for Run N 010 are also shown in Fig. 14(b). These
values are of interest because, according to theory, the heat flux measured

by the plate gages should be identical to that for the side wall boundary

layer for small values of time after the shock passes over the plate gages, i.e.,
small values of t'., At t' = (xg/Us)/(A—lj, i.e., at a = 1, thé side wall regioﬁm.
(the M region) terminates and the interaction region begins. For somewhat larger
values of t' (values of o less than unity) the theoretical solution is
essentially that for the extended M region boundary layer. With still larger
values of f' (smaller o) the solution for the heat flux should depart from the
value of qw(t')l/2 for the side wall. This behavior is exhibited for t!'

greater than about 15 usec in Fig. 14(b) by the experimental heat transfer

rates indicated by plate gages 15 and 16. For a short tiﬁe interval after

the first few microseconds the two plate gages indicate values of qw(t')E/E

that are in very good agreement with the side wall theory. With increasing

t', qw(t')l/z values from gage 15 (the gage nearest the pléte leading edge)
depart as expected from the side wall theory and are followed by those

indicated by gage 16.
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Values of t' at which the M region iferminates are indicated ia Yig.
14(b) for both plate gages. It is seen from both Figs. i&(a) and 14(®k) that
the M regions terminate prior to the time t' at which experimental and
theoretical M ryegion values for qw(t')% agree, For smali values of t'

(less than about 10 psec), the experimental values of qw(t:')!fZ indicated by the
threé gages are in good agreement but ave larger than the theory predicts.

The reason for this behavior isArelated in part to early time errors in the
numerical method of Eq. (61) and to difficulties encountered in defining
both the zero for t' and the shape of the gage response trace at small values
of t’, If should be noted that errors of this nature tend to rapidly

diminish as time increases and therefore do not significantly influence the
experimental results at larger values of time.

Fig. l14(b) also presents for Run ¥ 010 a compariscn of the theoretical
steady state value for qw(x)b, which according to Eq. (53) is constant, and
experimental values for qw(x);‘i deternined from the heat flux indicated by
gages 15 and 16. The experimental results for both gages approach the steady
state theoretical value of qw(:-c)l/2 as time increases and the experimental
values agree well with the theory at steady state, %his comparison of results
as steady state is approached is interesting but not as universal as the
comparison in terms of Qy and &L in F}g. 14(a).

Figs. 15(a) and 15(b) present reéﬁlts for a shock speed of 2.35 km/sec
in a manher similar to those in Fig. 14({a) and 14{b). The results as presented

in Fig. 15(a) are in good agreement with the theory. As noted in Fig. 15(b),

~
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a side wall gage was employed to measure the side wall heat flux. Again,
except for the first few microseconds, good agreement exists between the
theoretical M region value for q&(t')% and the experimental values for that
quantity indicated by each of the three gages. TFor the time‘interval shown in
Fig. 15(b) only the heat flux quantity for plate gage 15, the gage nearest

the leading edge, indicates an influence of the interaction region.

Figures 16 to 22 present results for the remainder of the shock speed
range covered in this investigation using air as the test gas. In these figures
- eXperimental results are presented only for values of od _corresponding to t'
values larger than the times at which experimental values of qw(t']l"f2 con-
stant with t'. With the exception of Fig. 16, 18(a) and 20, the experimental
results are observed to be in good agreement with the theory. In Figs. 16, 18(a)
and 20 tﬁe experimental results generally fall somewhat above the theoretical
curves, It is believed that this disagreement is due to errors associated with
the experimental phase of the investigation rather than a failure of the theory
to prgperly predict variation of Qg Wwith . Possible sources of experimental
.€rror are numerous, but those believed to be involved here are errors in voltage
measurement and those invelved with measuring the initial pressure pj of the
test gas. The initial pressure of tﬁe test gas appears as 1/(p1)% in Eq. (62)
which was used to compute experimental values of Qx' Vertical scale calibration
of the oscilloscope affects the voltage quantitites in Eq. (57) that relate‘to
the determination of the gage substrate surface temperature change T(0,t),

which in turn is used in the computation of heat flux by Eq. (61). Errors
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in veltage measurement are directly related to errors in heat flux, 1.e.,
a 10% error in.voltage measurcment results in a correspending 107 error in

sat flux. Evidence that a fixed experimental error is involved with the
disagreement in Figs. 16, 18(a), and 20 is obtained from the results for
Run C 137, Fig. 18(a), as presented in Fig. 18(b). The results in this
figure were obtained by wmultiplying the corresponding experimental Qx
quantities in Fig. 18(2) by the ratio of the theoretical to experimental
Qx’ the ratio being determined at low values of o for each gage. This
results in good agreement of experimental results with theory at larger
values of a as can be seen in Fig. 18(b). The results in Figs. 16 and 20
exhibit the same trends as those in Fig. 18(a) and when wmodified in a2 manner
similar to those in Fig. 18(b) also show good agreement with theory thereby
providing additional evidence that fixed experimental errors are invelved in
the results of Figs. 16, 18(a), and 20.

The comparison of results for shock speeds ranging from 2.35 to Z.83

km/sec in Figs. 15 io 22 are for higher shock speeds than those obtained by

Feldermans!6 using air as the test gas.
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Experiments in Hitregen (Coated Heat-{lux Qazes)

The results of experiments performed with nitrogen as the test gas are
compared with theoretical heat transfer predictions in Figs. 24 to 32. These
experiments cover a range of shockﬁSPeed from 3,16 to 7.34 km/sec, and were
carried out using two shock tubes, the 3 inch NASA shock tube (combustion
driven) and the NASA 6 inch arc-driven shock tube. Figures 24 and 25 present
results obtained using the 3 inch shock tube while Figs. 26 to 32 report the
results obtained for the 6 ineh shock tube. In two insténces more than one
run was made at essentially the same shock speed. TheSe cases are reported
in Figs. 30(a) andV(b} and in Figs. 31(a), (b) and (¢). Results in the
form q(:::)]"'E vs t' are shown for two selected cases in Figs., 28(b) and 32(b).

| The theoretical curves Q. vs of in Figs. 24 to 32 were obtained in a
manner similar to that previously discussed for air in Figs. 13 to 22. The
stecady state and ¥ region values for Qx (Egs. (32) and (34) respectively)
were first obtained by numerically solﬁing Egqs. (22) and (23) for both the
steady state and M regioms. The property ratios across the incident shock
and the variation of properties with enthalpy for nitrogen required for these
solutions were determined at the appropriate pressure from the charts and
tables for equilibrium nitrogen presented-by Ahtye and Peng, Ref. 27. A
given curve Qx vs of was then constructed using the method related to Fig. 3
and Egs. (54) and (55). The ratios RSS and RM were obtained from Fig., 4.

Fig. &4 1is étrictly applicable only to air at P, = 1 atm. However, the ;esults
obtained using this figure for nitrogen should be acceptéble first,%ecausa
the denominators of Egs. (54) and (55) were accurately determined for nitrogen,
Fnd second, due to the similarities betﬁeen nitrogen and air, the ratios RSS

and Ry for nitrogen would not be expected to differ significantly from those



54

for air. Use of Fig. 4 for nitrogen eliminated the lengthy and expensive
procedure required to solve the governing equations for the unsteady
interaction region, Egs. (49) and (50), which lead to Eq. (52).

- Figures 23b to 23f show representative heat flux gage response records
for the tests in nitrogen. Gage coatings for the gages noted are described
in Table II. All records in this group except ?ig. 22b show some influenée
of jonization of the nitrogen on the gage signal, This influence is evident
in two respects. First, precursory ionization influences the signal prior
to grrival of the shock at the gage as evidenced by th¢ dovn-going portion

of Fhertrace prior to shock arrival in Figs. 23 d, e, and.f to a smaller
ext%nt in Fig. 23¢, Second, there_is‘some influence of ionizaiion immediately
after shock arrival, and to a lesser extent at laéer times, These effects
are particularly evident in Fig. 23f in which the effects of precursory
ionization prior to shock arrival and the somewhat eratic signal aftef shock
arrival both exist to a significant extent.

Figures 23b to 23f illustrate the degree to which various oxidized Si0
coatings provide protection against ionization., The ccating for gage 02
(900 A® Si0 oxidized 6 hrs. at 900°F) provided excellent protection at the
flow conditions noteé in ‘Fig. 23b. However, at appreciably higher shock gpeeds eratic
| sigﬁals resulted from gage 02, Gage V9; 4000 A® Si0 coatings oxidized 16
hrs. at 900°F, gave relatively noise-free response (Figs. 23 ¢, 4, and e) as
compared to the rxesponse of gage M4, Fig. 23f, which was prepared in a )
similar manner except the thickness of the $i0 was 2000 A°. The flows reléted
to Figs., 23e and 23f involved about the same 1ével of ioniéation gince the
shock speed and pressure level was about the same, Thé response curves of.

gage V9 are typical of the response curves of the gages that were used to

obtain most of the heat flux data for nitrogen flows. Due te the ionization
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effects on gage response in the immediate vicinity of the shock, heat
trénsferrresults at very e&ﬁly t:imes aiter shock arrival at the gage were
not considered to he reiiébla. |

Termination of region 2 shock tube flow is in many cases evident from
the response of heat flux gages. Figures 23d, e, and f clearly show this.
The eratic signal recorded just prior to the smooth declining segment of
the fcsPQnse curve ig interpreted to be due to.the arrival c¢f the contact
froﬁt that forms between the teét and driver gases., In view of the relatively
short testing times associated with high shock speeds, a comparison of the
region 2 testing time with the time required for the shock to reach the trail-
~ ing edge of the plate is of interest. Figure 33 presents such a comparison
for the range of shock speeds covered in tests with Plate 3 (see Table II)
mounted in the 6 inch arc-driven shock tube. The testing times were taken
as the time between shock arrivel and intarface arriﬁal at the front gage on
the plate, Valueé of ti = (Lnxg)/US for the front gage.(xg ? 15,1 mm) are
also shown in the Figure, Since the testing time is somewhat gréater than
t: for the full range of shock speed shown it was concluded that region 2

L
was of greater length than the plate and that times up to at least t! for

L
‘each gage involved region 2 flow over the whole plate,

| With a few exceptions the experimental hesat transfer results presented in
Figs. 24 to 32 exhibit good agreement with theoretical predictions for the
range of % showa, Results are not pfesented in some cases for values of
corresponding to t' values less thau about Sjusec becesuse of uncertainty
regarding the gage response configuration at early times due to ionizatien
effects in the vicinity of shock wave arri&él. Small values of t! correspond

to large values of .©< (see Eq. (03)). Accordingly, this eliminated some

data at large values of @£ for each gage location. 0f the twelve comparisons
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of Qx vs o , Figs, 26, 30(a), and 32ta) tend to exhibit experimental
results somewhat above the fheory, while in Figs. 31(a), (b), and (c) the
results tend to fall below the theory. in the remaining six figures the
experimental results generally agree well with the theory..‘ Agreement between
the results indicated by different gages varies from quite good in Fig. 28(a)
to fair in Fig. 31(b). 1In Figs. 26 to 32 Gage V9 (the front gage) tends to
yield results a few percent below the other two gages. Figure 34 presents a
comﬁarison of experimental steady state values of Q with theoretical steady

state Qx values for the range of shock speeds covered using nitrogen as the

tesﬁ gas. In this figure only experimental results for those gages

i
1

indicating a steady heat flux with.time are shown. These results agree with
theo}y within about + 10%.

As previously noted the thecretical curves Qx vs o are strictly
aspplicable only as long as the shock remains on the plate, 1,e., t £ L/Ug,
and correspondingly, t' £ (L -_xg)/US. The half-filled symbols for the experi-
mental results for nitrogen in Figs. 24 to 32 and for air in Figs. 13 to 22
indicate the condition t = L/U;. In many of these figures this condition
oceurs at values of & in the unsteady interaction region. Experimental
resulté at values of ©{ smaller than those corresponding to the half-filled sym-
bols are then related_to'Fonditions that exist after the shock has reached the
end of the plate. Experimental resu1t$ at these lower values of of are shown
in the figures down to values of oX ét which a signifiéant departure.froﬁ
the trend of the results occurred. In many cases this departure corresponded
to the termination of ;he'aVailable test time. Thus the theory for the

unsteady laminar boundary layer presented here continues to predict the plate

heat transfer for times significantly lenger than t = L/Ug.
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Figuies 28b and 32b present results in the form q&Vg— vs t' for two
typical shock speeds; one at an intermediate speed of 4.59 km/sec (fig. 28b)
and the other at the highest shock speed investigated, 7.34 km/sec (Fig. 32b).
Experimental results are shown only for those heat flux gages which indicated
steady state heat flux values. The apparent "noise" is due mostly to the |
date reduction technique. Typical influence of the two corrections applied
in reducing the thin film gage response data isrillustrated in these figures
for gage V3., The correction for the coating has the largest influence at
small values of t', while the variable substrate properties correction is
related to temperature through t' and increases with t' since surface tempera-
" ture increases with t'. Both corrections are of the order of a few percent
in Fig. 28b. Ignoring the corrections would lower the results by 8 to 10
percent. In Fig. 32b fhe variable substrate properties correction is larger
due to the larger change in substrate surface temperature accbmpanying the
higher heat flux encountered for the higher shock speed. Ignoring the
corrections here would yield results about 15% lower. Although both of the
corrections made are approximate, they seem to be justified by the experimental

results.
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CONCLUDING REMARKS

The comparisons of theoretical and experimental heat transfer rates
made for the range of shock Spéeds covaered in this study genera11§ verify
the theory of the shock-induced unsteady laminar boundary layer on a flat
plate as presented here and in Ref. 1. In particular, the’results confirm
the self similarity that is revealed by the theofetical analysis, namely
that the wall heat transfer and other boundary layer quantities can be
formulated in terms of the time-position varjable =£ glcne, The theory might
be expccted to predict the boundary layer behavior only for the time interval
during which incident shock remains on the plate., However, the experimental
results indicate that the theory continues to predict the boundary layer
behavior for significantly longer intervals of time,

Although some difficulties were encountered in measuring heat transfer
rates at values of ¢{ in the vieinity of unity, the heat transfer measurement
technique ermployed was generally satisfactory. In fhe cases ﬁhere measured
heat transfer rates differed to a pronounced degrece with the theory, there
is evidence that the difference was due to some fixed error in an experi-
mentally measured quantity rather than in a gross failure of the theory to
predict the heat transfer rates, Some refinements are needed in tBe heat
trénsfer measurement technique, particularly in those related to measurement
of heat fiux at higher shock speeds where test gas ionization influences the
performance of thin-film heat flux gages. Development of gage coatings to
provide protection against high levels of jonization and igterpretation of
coated gage response to determine heat transfer rates should be the subject
of further investigation, ) |

Finally, the exbarimental results of this investigation confirm that

under certain conditions steady flow can readily be attzined over models’
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mounted in shock tubes, even for short-duration flows generated by high
speed shocks, This fact coupled with the technique described here for
measuring time dependent heat flux makes feasible experimental heat transfer
studies for both laminar and turbulent boundary layer flows over models

’

under conditions of high wall cooling and low supersonic free-stream Mach’

nunbers.
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Figure 13.- Comparison of theoretical and experinmental heat transfer results,
Ug = 1.695 xm/sec.
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Figure 1b.- Data for Ug = 1.966 kn/sec.
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' Us = 2.48 1m/sec.



25 Run C 137, air

FASA 3 inch shock tube, Refx = 660/mm
= 2.56 km/sec, Mg = T.4k

2.01 torr, T, = 295 °K

0.18 atm, A = 1.3158

o d G
QO W O
HI | I

0.0 oo/p, = T-32
po/pl = 68.1 ref. 11

ho/h, = 11.83
Plate 1

il

Gage 15, Xg = 35.5 mm
Cage 16, xg = 60.5 mm 0
Gage 17, xg = 86.5 mn

———- Thecry E}
Half filled symbols indicate Eg
shock arrival at trailing
edge

ogo

Qx

1.0

13
6 % Vo
o Bf Y ¢

I ] i 1 1 ]

0 .2 2 .6 8 1.0
a = x/uot

(a) Comparison of theoretical and experimental heat transfer results.

Figure 18.~ Data for Us = 2.56 kn/sec,



2.4 p

Runs C 134 and C 136, air
NASA 3 inch shock tube, Re/x = 679/mn
B Ug = 2.43 km/sec, Mg = 7.05
p, = 2.1 torr, Ty = 296 °X
2.0 — Po = 0.168 atm, A = 1.170
<
po/pl = 6'95
= pofpl = 0.7 } ref, 11
' ho/hy = 10.75 o
1.6 Plate 1
O Gage 15, Xy = 35.5 mm
| O Gage 16, xp = 60.5 mm o}
O Gage 17, %g = 86.5 mm o &
———— Theory |
1.2 e
8-
A= Flagged symbols are for run € 134
Half Tilled symbols indicate shock
— arrival at plate trailing edge
} | ! ! ] ] ] | ! ]
) .2 A , 6 -8 1.0
o = x/uot

Figure 16.- Comparison of theoretical and-experimental heat transfer
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Figure 19.- Comparison of theoretical and experimental heat transfer
results, Us = 2.61 xm/sec.
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Figure 20.- Comparison of theoretical and experimental heat transfer
results, Us = 2.63 km/sec.
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Figure 21,- Comparison of theoretical and experimental heat transfer
: results, Uy = 2.68 lm/sec.



2.4

2.0

ll6

1.2

NASA 3 inch shock tube, Refx = 870/mm
2.83 km/sec, Mg = 8.20
2,25 torr, Ty = 295 °K
0.246 atm, A = 1.143

Us =
P, =
pO

po/P, =
Po/P, =

hy/h,
Plate

Run C 142, air

8.05
83.1 } ref. 11
= 14,2

1

Gage 15, scope 1, Xg = 35.5 mm

Gage 15, scopes 2,
Gage 16, Xg = €C.5 mm

Theory

Half filled symbols indicate
ghock arrival at plate {railing
edge ' 0]
| | | ! ! A ] !
.2 b .6 .8 1.0
 a = x/uot

Figure 22.- Comparison of theoretical and experimental heat transfer

results, Ug = 2.83 kn/sec.
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(a) Run C 1h2 {(rig. 22)

Us = 2.83 km/sec, gage 15
Teat gas: air

Do = 0.246 atm

Time base: 19.2 psec/div.
Vertical: 5.52°C/aiv.

() Run C 156 (fig. 24)

Us = 3.16 km/sec, gage 02
Test gas: nitrogen,

Ps = 0.203 atm

Time base: 10 isec/div.
Vertical: 6.20°C/div.

{c) FRun 58 182 {fig. 28(=a), (b))
Us = 4.59 km/sec, gage VG
Test gas: nitrogen,

Po = 0.29 atm
Time base: 20.4 psec/div.
Vertical: 9.81°C/div,

Figure 23.- Typilcal oscilloscope records of thin-film heat flux gage response; all sensitivities

are per major scale division.
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(a) Run 8 164 (rig. 30{(a))
Us = 5.81 km/sec, gage VO
Test gas: nitrogen,
Pg = 0.473 atm
Time vase: 20.4 usec/div.
Vertical: 24.6°C/div.

i

(e)

Run 8 188 (fig. 31(a))

Us = 6.04 km/sec, gage V9
Test gas: nitrogen, -

Py = 0.26 atm

Time base: 20.4% psec/div.
Vertical: 2h.h°c/aiv.

Pigure 23.- Conecluded.

(£) PRun 8 175 (fig. 31{c))
Ug = 6.10 km/sec, gage Mk
Test gas: nitrogen,
Py = 0-537 atm
Time base: 20.4 psec/div.
Vertical: 26.6°C/div.




Ran C 159, nitrogen

NASA 3 inch shock tube, Re/x = 501/mm
Uy = 3.16 km/sec, My = 9.1k
p, = 1.5 torr, Ty = 296 °K
p, = 0.203 atm, A = 1,165
2.5 |- oo/p, = T.08
- po/pl = 102.5 } ref. 27
ho/hy = 17.47
Flate 1
O Gage 02, Xg = 35.3 mm
2.0 - Theory
Half filled symbol indicates shock

arrival at plate trailing edge

[ B SR R |
L 6

a = x/ust

18

1.0

Figure 24,~ Comparison of theoreticél and experimental heat transfer

results, Ug = 3.16 km/sec.



3.0 — Run C 184, nitrogen

NASA 3 inch shock tube, Refx = 556/mm

Uy = 3.43 km/sec, Mg = 10,0
P, = 2.0 torr, T, = 296K
Py = 0.242 atm, A = 1.155
2.5 0o/Py = T.hh
: Po/P, = 121.5 | ref. 27
ho/hy = 20,64
‘ Plate 1
O Gage VI, xg = 35.5> mn
O Gage VB, xg = 60.5 mm
2.0 - Theory

Helf filled symbols indicate shock
arrival at plate trailing edge

i | I 1 | 1 1 ! ] ]
0 2 .u 6 .8 1.0

= X/uo“b

Figure 25,- Comparison of theoretical and experimental heat transfer results,
Ug = 3.43 km/sec. '



. O [ h
3 ' Run S 1281, nitrogen

NASA 6 inch shock tube, Re/x = 494/mm
Ug = b.0h kmfsec, Mg = 11.58

p; = L.0 torr, T, = 296K
Py = 0.222 atm, A = 1.121
2 5'__ po/pl = 9‘25
’ Po/P, = 168.0 fres. 27
ho/h1 = 27.50 o
Plate 3
O Gage V9, Xg = 15.1 mm
0 CGage N3, xg = 58.6 mm
5.0k & Gage Nb, xg = 88.9 mm
——— Theory
Half filled symbcls indicate shock &

arrival at plate treliling edge

] 1 1 1 | ] { 1 i 3
0 .2 A L6 .8 1.0
a = X/U.ot

Figure 26.- Comparison of. theoretical and experimental heat transfer resulits,
Ug = 4.0k xm/sec.
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2.5

2.0
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Run S 189, nitrogen

NASA 6 inch shock tube, Refx

= 1079/mm

Us = 4.325 km/sec, Mg = 12,39

p, = 2.0 torr, T, = 296°K
P 0.5 atm, A = 1.112

o]
eo/Py = 9.87
Po/Dy = 194 | ref. 27
ho/h, = 3.k

It

Plate 3

Gage VO, Xg = 15.1 mm
Gage N3, xg = 58.6 mm
Gege N4, xg = 88.9 mm

1§

w————— Theory

Half filled symbols indicate shock
arrival at plate trailing edge

| | i L | |

.6 8 1.0

a = x/ugt

Figure 27.~ Comparison of theoretical and experimental heat transfer resuits,
- Ug = £.325 xn/sec.



Qx

Run S 182, nitrogen
NASA 6 inch shock tube, Refx = 6_25/mm
Us = 4.59 ¥m/sec, Mg = 13.15
P, = 1.0 torr, T; = 296K

Py = 0.29 atm, A = 1.106
p/p, = 220 ref. 27
hy/h, = 35.25

Pilate 3

O Gage V9, xg = 15.1 mm
O Gage N3, xg = 58.6 mm
2.0 { Cege N4, xg = 88.9 mm

Theory O

Half filled symbols indicate shock |
arrival at plate trailing edge

) L 1 [ ] L \ N |
0 .2 M L6 B 1.0
a = x/uot

{a) Comparison of theoretical and experimental heat transfer results.

- Figure 28.- Data for Ug = 4.59 km/sec.
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Q0

. — O Gage V9
[} Gage N3
———  Gage V9, variable substrate properties
correction only
— — A Gage V9, no corrections

\Kn——qwxl/g = 109 Btu/f‘tsl2 sec,
steady state theory

s .
: k X N /——End of testing time
t 1 1 S\_’_ I I | | YA }

0 20 - ko €0 80 100

t', usec
(b) Comparison of gux1/2 values.

Figure 28.- Concluded.



3-0 =
Run 8 183, nitrogen 8]

NASA 6 inch shock tube, Re/x = T96/mm jol
Ug = 5.26 km/sec, Mg = 15.07
p, = 1 torr, T, = 296K

Py = 0.386 atm, A = 1.088
M po/Py = 12.43 0
Po/o, = 293  pref. 27
ho/hy = 46.1
Flate 3

QO Gage V9, xg = 15.1 mm
O Gage N3, Xg = 56.6 mm
{ Gage B4, xg = 88.9 mm
Theory

Half filled symbols indicate shock
arrival at plate trailing edge

Qx

0 .2 A h .6 .8 1.0
' o = x/uo't

Figure 29.- Comparison of theoretical and experimental heat trensfer results,
Ug = 5.26 km/sec.



3.0~
: Run S 184, nitrogen
NASA € inch shock tube, Refx = 929/mm
Ug = 5.81 km/sec, Mg = 16.65
P, = 1.0 torr, T, = 296K

Po = 0.473 atm, A = 1,080
2.5 Po/ Py = 13.54
Po/p, = 360 ref, 27
ho/hl = 56.1
Plate 3
O Gage V9, xg = 15.1 mn
0O Gage N3, xg = 58.6 mn
O  Gage N, xg = 88.9 mm

2.0

——— Theory

Balf filled symbols indicate shock
arrival at plate trailing edge

Qx

i 1 L | 1 | ! | | |
0 .2 b T .6 .8 1.0

o = K/U.o‘b_

(a) Us = 5.81 xm/sec

Figure 30.- Comparison of theoretical and experimental heat transfer results.
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3.0

2.5

2.0

1.5

1.0

o
<

Run & 185, nitrogen

NASA 6 inch shock tube, Refx = 193 fmm

Ug = 5.86 km/sec, Mg = 16.79
p, = 0.5 torr, T, = 296K
Po = 0.241 atm, A = 1.080
pofpy = 13.66

FQ/Pl = 366 ref. 27
ho/hy = 5T.1

Flate 3

Gage N3, xg = 58.6 mm

Gage Nh, xg = 8.9 mm
Theory

Half filled symbols indicate shock
arrival at plate trailing edge

.)'L - 16

L= X/'Llo't}
{b) Us = 5.86 km/sec

Figure 320.- Concluded.



3.0 — -
Run § 188, nitrogen
NASA 6 inch shock tube, Re/x = 552/mm
Ug = 6.04 km/sec, My = 1T7.3L
p, = 0.5 torr, T; = 296°K
P, = 0.26 atm, A = 1,078
2.5 - po/p, = 13.8
po/_pl = 305 ref. 27
ho/hy = 60.7
Plate 3
QO Gage V9, xp = 15.1 mn
0 Gage N3, xg = 58.6 mm
2.0 O CGage Nk, xg = 88.9 mm
———— Theory
Half filled symbols indicate shock
arrival at plate trailing edge
Qx 1.5 =
1.0 |
N e
i | ! t 21 l 1 I ! J
0 .2 4 .6 : .8 1.0

a = x/ugt

(a) Uy = 6.04 ken/sec

JFigurgwjl.w Compariscn of theoretical and experimsntal heat transfer results.



Qx

3.0

2.5

2.0

1.5

1.0

O
0

&

Run S 186, nitrogen

NASA € inch shock tube, Re/x = 520/mm
Ug = 6.06 km/sec, Mg = 17.36

p, = 0.5 torr, T, = 296K
Py = 0.258 atm, A = 1.07T
Po/Py = 13.87

Po/P; = 392 |ref. 27
ho/h1 = €0.9

Plate 3

Gage V9, Xg = 15.1 mm
Gage N3, xg = 58.6 mn
Gage N4, xg = 83.9 mu
Theory

Half filled symbols indiceite shock
arrival at plate trailing edge

1 I A ] I

.2 i - .6
o = x/uot

(v) Ug = 6.06 ¥m/sec

Figure 31.~- Continued.
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3.0

2.5

2.0

1.5

1.0

0o

Run S 175, nitrogen

NASA 6 inch shock tube, Refx = 1005 /rm

Ug = 6.10 km/sec, Mg = 17.7

p; = 1.0 torr, T, = 296K
Py = 0.537 atm, A = 1,075
pofPy = 4.3

p,/p, = 409 )ref. 27

63.5

]

ho/hy

Plate 3

Gage Mi, Xg = 14,7 m

Gage T3, xg = 28.4% mm

Gage T9, xg = Th.5 mm

Theory

Half filled symbolé indicate shock
arrival at plate trailing edge

W2 b .6
a = xfugt

(c) Ug = 6.10 xm/sec

Figure 31.- Concluded.



3.0r- Run 8 187, nitrogen

WASA .6 inch shock tuve, Refx = 663/mm
Us = T.34 km/sec, Mg = 21.03
p, = 0.5 torr, Ty = 296K

P, = 0.382 atm, A = 1.067
2.5 - po/pl = 16,0
' P,/P, = 581 |ref. 27
ho/h, = 89.0
Plate 3
O Gage V9, xg = 15.1 mm
O Gage N3, xg = 58.6 mm
5.ole O GCage W, xg = 88.9 mn
—— Theory

Half filled symbols indicate shock
arrivel at plate trailing edge

! [ { | 1 L ] I ]
0 .2 A - .6 .8 1.0

a = x/uot

- (&) Comparison of theoretical and experimental heat transfer results.

Figure 32.- Date for Ug = 7.3h km/sec.
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e (O Gage VO

— —— [J Gage V9, variable substrate properties
correction oniy

— — O Gage V9, no corrections

\—qwxl/2 = 381 Btu/rt®/? see,

steady state theory

§
R
o [\
(O \GK
o . |
. End of testing time
! — { [ B
10 20 30 . 4o p1e]
t', usec

(b) Comparison of g,x*/2 values.

Figure 32.- Concluded.
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O Experimental t' values,
region 2 testing time

125 [—

100 —

Time, psec 75r‘

= (L"'Xg)/US’
= 15.1 mm, plate 3

e
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-

0 _ 1 | | !
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Us, kn/sec

Figure 33.~ Comparison of ti values and region 2 testing time for plate 3
mounted in the NASA & inch arc driven shock tube.



Steady state theory, eg. {(32)

N '
Experimental results
Q (O Front gage
55 [J Second gage
n3~—'
2 -
.l_
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3 4 ' > 6 T 8
US’.kIn/Sec

Figure 34.- Comparison of thecretical and experimental siteady state heat
transfer, o



