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An experimental investigation of the laminar flow over a cone-
cavity wodel with a rounded reattachment shoulder at zero angle of attack
wag cc..lucted at M = 5,4, For mass injection into the cavity at rates up
to eight-tenths the boundary layer mass flow at separation, the pressure
and heat transfer distributions along the surface were cbtained, with
emphasis on the reattachment zone, A simple empirical correlation was
established between reattachment pressure and heat rransfer peaks as a

function of injection rate.
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1. lntroduction

For a number of years, it has been known that the presence of
a cavity in the surface on » hypersonic body gives rise to a significant
redistribution of surface gressure and heat transfer to the body (ref.
1, 2, 3). Specifically, these quantities are reduced in the region of
separated flow, but experience a sharp increase within the vicinity of
reattachment, followed by a decrease toward the undisturbed values in the
downstream aresa. In many practical applications, the primary undesirable
feature of this phenomenon is the elevated pressure and heat trangfer at
reattachment, This fact justifies further research into methods of sub-

stantially reducing trhese peak values,

In this regard, it has been previously theoretically predict-
ed and experimentally verified that injection of a small amount of gas
into the separated region accomplishes this result (ref. 1, 4, %, 6).

There is, however, very little detailed experimental pressure end heat
transfer data available describing these distributions in the reattachment
region for injection rates of interest, 1Im fact, a recent attempt to form-
ulate a semi-empirical description of the pressure and heat transfer rise
for the more elementary case of zero injection has focused attention upon
this deficiency (ref. 7). The present research effort was initiated in

response to this need.

This investigation was directed toward provision of detailed
static pressure and heat transfer distributions (more detailed than in
the preliminary study of ref. 6), over the entire surface of a cone-cav-
ity model, and particularly in the reattachment region, by using cavities
with rounded reattachment shoulders, as opposed to NICOLL's ones which
had 90° sharp corners. One objective of the research was to provide an

empirical correlation between pressure and heat transfer distributions,
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The pressure and heat transfer studies were carried out in

parallel, respectively by E. CALLENS, Jr. and J. KENNEDY, in partial

fulfillment of the requirements for the diploma of the von Karman Institute
for Fluid Dynsamics, under the supervision of the author, principal inves-
tigator., The results of these two investigations will be reported in de-
tail (ref. 8, 9) and will only be summmarized in the present final scien-
tific report.

2., Expsriwmantal equipment

All experiments were conducted in the VKI hypersonic wind

tunnel H-1 at a Mach number of 5.4, The size of the test section is
12 x 12 cmz, giving a uniform flow with + 1/2 per cent variation in Mach

R . G S M55m0 i e

number. The stagnation tewperature was sbout 250°C. The stagnation
pressure was of 15 atms, for the pressure measurements and 16 or 21 atms,.
for the Leat transfer studies, corresponding to free stream Reynolds num-

bers of 1,3 x 105 or 2.9 x 105 per centimeter, respactively.

2,2, Models

The basic model configuration was a 10° semi-apex angle cone
incorporating an annular cavity of the short-deep cype. The cavity was

12 mn wide and 4 wm deep. It was located 42 wm downstream of the sharp

JT e e e at ek B f TR Tt Ll il

nose of the model? The injected gas (air) entered the cavity tangentially
to the floor from an annular port (1 mm wide) located at the base of the

reattachment shoulder, which had a 4 mwm radius, The separation shoulder

oo RS T

was a sharp 90° turn.

# on the heat transfer model. 37.5 mm on the pressure model.
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Separate models were instrumented and used for the static
pressure and heat transfer measurements. They are fully described in
refs, 8 and 9, The detafiled determination of reattachment pressure and
heat transfer rises required that several sensbrs (pressure taps or
thermocouples) be located within a distance of 6 willimeters in the

vicinity of Teattachment. In order to do so, they had to be staggered,

The pressure model used in ref, 8 was designed with 0,3mm
inner diameter tubing which gave rather large response times. As some
doubt arose about the existence of & second pressure peak observed down-
stream of reattachment, & second model was redeeigned with 0.45mm inner
diameter tubing, which gave bette:r performance and which did not show a
second pressure peak. Except when specified, the results presented in

this report were obtained on tle latter model.

Reat transfer rates were measured by the thin-skin techniques.
Attempts to produce chemically or electrolytically plated nickel models,
with very small skin thickness (i.e, 0,3mm), were unsuccessful during the
reporting period. The results described in this report are related to
stainless steel model CHT-2 of ref, 9, which had a skin thickness of
0.8mn and copper constantan the rmocouple wires of 0,06 and Q0.0lmm dismeter.,
This model was less instrumented than hcped and thermocouples wers not
sraggered, Temperature-time histories were measured on CEC galvanometric
recorders anc heat transfer coefficients computed assuming & constant

value of the recovery temperature equal to the theorstical c¢one value.

2,3 Injection Elans

An injection plant was designed to supply a precise amount of
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clean, dry air to the plenum chamber of the cavity wmodels. The air was
supplied to the model at room temperature (about 20°C) and entered the

cavity at a temperaturs nearly equal to the exterual wall teoperatura of
the model (about S0 to 100°C for the pressure model exposed to long run-

ning times and about 20°C for the heat transfer model tested with shorter
running times,

In this report, the injection rate is normalized with the

theoretical mass flow rate (QBL) in the boundary layer at separation

€ ™ Uny' %L
QBL was equal to 20,5 liters/minute based on standard atmespheric condi-
tions for stagnation conditions of 210°C and 15 atms, (assuming a wall
temperature of 100°C) and 25.5 liters/minute at 210°C and 16 atms., based
on a wall temperature of 20 °C. Cq was varied in the tests in steps over
a range of zero to 0,84 maximum,

A particular injection rate of interest is that required to
reduce the heat transfer within the cavity to zero, as thezoretically pre-
dicted by CHAPMAN (ref. 1), Referred to as "Chapman's value" in this re-
port, this injection rate was calculated to be28 percent of QBL for the

pressure model and 20 percent for the heat transfer model at a stagnation
pressure of 16 atms,

2.4 Flow visuvalization
Schlieren and shadow pictures of the flow around the cone-cav-

ity model were taken at each injection rate that was used. The steadiness

of the flow was verified from high speed motion pictures (3000 frames/sec.).
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In addition, surface flow visualization was made by dyeing the
model surface with blue steel ink and then coating it with a viscous white
mixture of bioxide of titans, talc, oil and kerosense. A sublimation

technique was also employsd, using acenaphthene as the subliming agent.

-----------------

It is estimated that the pressure distributions obtained in
in this study are accurate to + 3 percent in the reattachment zone, This
was carefully examined in great detail in ref, 8 after congidering the
effects of: tunnel variations, model incidence and yaw, temperature vari-
ations, pressure response time, uniformity of injection, instrument error
and calibration, control parameters variation, flow steadiness, model
design features such as tap location and nose-afterbody alignment, data

reduction,

A larger uncertainty existed in the heat transfer data, partly
due to random variations of the stagnation temperature, following an
initial unexplained overshoot of this temperature. Uncertainty about the
exact model skin thickness is also included in the results, Finally, no
correction was made for transverse heat conduction .hrough the model skin
and heat losses along the thermocouple wires. It is estimated that the

heat transter data is accurate to + 5 to 10 percent,

3, Results and Digcussion

3.1 Flow visualization

R R R gy

Schlieren and  shadow photographs of the flow over the
cavity model are presented in ref, 8 for various injection rates. They

ghow the following results :
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At Cq ® 0 (no injection), an expansion fan existed at separa-
tion and a shock appeared at reattachment, in sgreement with the pressure
data, For increasing injection rate, the ssparation expansion and i1eat-
tachment shock both diminish in intensity. Near Cq = 0,18, the separation

sxpansion complately disappears. The reattachment shock becomes very weak

PRy

but never disappears. It moves slightly forward for higher injection rates

and is seen to be rooted in the free shear :ayer for Cq = 0,7. This move-

R 1 ol Bt

ment corresponds to the upstrean displacement of the maximum pressure. A
separation shock appears at Cq = 0,21 and becomes stronger with additional

injection,

Stlin! i
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At Cq = 0, the flow is laminar over most of the body surface.
Transition moves forward with injection until it is about one cavity length
downstream of reattachment at Cq = 0.7. The nearness of transition to
reattachment may explain, in part, the radical changes in afterbody pres-
sure and heat transfer distributions that were observed for the highest
injection rates., The ssparated boundary layer is clearly lifted from the
surface at reattachment and converges back toward the surface downstream

of this region,

Combined effects of surfuce shear stress and elevated tempera-
ture at reattachment vere revealed in the sublimation photographs at Cq'O.
The sublimation rate was extremely large along an annular area located near
reattachment. This effect diminished rapidly with mass injection, and,
at Chapman's value, no trace of subiimation is seen. An incidental obser-
vation from these tests was the appearance of symmetrical longitudinal

striations on the afterbody above Cq = 0.18.
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The surface flow visualization photographs presented in ref.
8 show & distinct line exactly at the location of the reattachment pres-
sure peak., This line remained stationary with injection but decreased in
intensity until it was no longer clear at Cq = (.18, It was than concluded
that reattachement was located very close to the preasure pz2ak, i.e. about

1 mm upstream of the junction of the reattachment shoulder "o the conical
afterbody.

R R L L

Detailed measurenents made in the reattachment zone, or: the
model equipped with 0.45 mm inner diameter pressure tubing, are plotted
in figures 1 to 4, 1In these figures, the measured statjic pressure is
referred to the cone pressure (Pc) measured on the forecone, 20 mm dowm-
stream of the noge. L is the cavity width (i.e. 12 mm) and X is the sur-
face distance measured along a model generator with its origin at the

Junction (R) of the reattachment shoulder and the afterbody, as show in
the sketch :

ol S ks

The pressure distribution without mass injection is shown in figure 1. An

average curve is drawn through the data points of several runs, each being
represented by a different symbol, The pressure variztions around the
average curve is seen to be of the order of £ 3 percent. Also shown in
figure 1, for comparigson, is the zero injection pressure distribution of

ref. 8, which was obtained on an identical model, but equipped with small-
er pressure taps.
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From this figure, a number of observaticns can be made which
illustrate the character of the flow phenomena involved, First, the
cavity floor pressure is 10 percent bslow cona pressure, this being in
good agresment with the results of RICOLL (ref. 4) for a cavity of
similar length to depth ratio and a similar unit Reynolds number. 1In
addition, the pressures at twoc cavity floor stactions never differed by
wmore than 1/3 percent, thus verifying NICOLL'S conclusicis that the floor

pressure is virtually constant for this type of short-deep cavity.

The pressure rise is linear over a large portion of the com-
pression zone, being non-linear only during the initisl rise and near the
peak value, This fact is useful in extrapolating less detailed measure-
ments of other investigators. The peak pressure is 1.53 times cone pres-
sure and 1,7 times cavity floor pressure, As shown in ref. 8, the effi-

ciency of the compression process was about 50 percent.

The pressure on the afterbody decreased continuously with
distance downstream of the pressure peak falling below co .e pressure at

an :7L of about one.

Similar trends were observed in the earlier wmeasurements of
ref. 8, except for the existence of a second small pressure pesak in the
decaying portion of the pressure distribution, which seems to be explained
by the rather large response time of the smaller pressure taps. This is,
however, rather intriguing since the heat transfer data, presented in the
next section, seems to indicate an oscillatory decay of the heating rate

with distance downstream of the peak value,

Figures 2 and 3 show the pressure distributions for different

rates of mass injection into the cavity. For clarity of the presentatiom,
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only average curves are showa, thepressure variations being always less
than + 3 percent of the average values. A cross plot of these figures is
given ir sure 4, wvhere the variation of peak pressure ratio (PR/Pc) is

shown ae a function of Cq.

It is saen that mass injection has the effect of reducing the
pressure rise in the reattachment region of the flow, while ths cavity
pressure increases to finally become larger tham cone pressure. The reat-
tachment pressure peak decreases sharply and linearly with injection wp
to about Cp = 0,1, then decreases more slowly until a region of constant
pressure is reached at Cq ™ 0.25. This region extends to Cq = 0,32 and
is followed by a pressurs peak increase with additional injection. The
location of pressure peak remains stationary until the minimum peak value

is reached, Beyond this, the maximum pressure location moves forward with
injection,

In reference B, it was found that the second small pressure
peak existed over the whole range of injection rates and remained at the

same location as in the case of zero injection shown in figure 1.

3.3. Heat transfer measuremsnts

Attempts to use chemically plated nickel models of small skinm
thickness (i.,e, about O.3mm) were unsuccessful because of their brittleness.
More successful were the electrolytical plate cone-cavity models, However,
the measured heat transfer distributions showed up repeatable oscillations
downstream of reattachment which could be explained during the reporting
period. As doubt exists about the nature of this oacillatory decay of the
heat transfer coefficient, further investigation will have to be carried on.
The results described in this report are related to stainless steel model

CHT-2 of reference 9, which had a skin thickness of O.8mm and which was as
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fully instrumented as hoped, particularly in the decaying portion of the
heat transfer downstream of reattachment. Rowever, the heat transfer
distributions are sufficiently accurately measured,in particular the peak

values, to allow a precise correlation to be made with the preassure data.

In this report only the measurements made at a tunnel stagnation
pressure (p,) of 16 kg/cm2 are presented. Very similar results wers obtained

at po = 31 kg/cm? which are described in ref, 9.

Figure 5 shows the ratio of the measured heat transfer coefficient

{hm) to the theoretical cone value as a function of the distance x along the
conical surface (starting from the lip of the injection port) and of */L
which was used in the presentation of the pressure data , Each curve

corresponds to a different injection rate Cq ranging from zero to 0,43,

Cross plots of figure 5 are given in figures 6 and 7 which show the variation

of the cavity (%ﬁ?) and peak (%ﬁ?) heat transfer ratios as a function
of the mass injection coefficient Cq.
Figure 6 shows that without mass injection the cavity heat
transfer coefficient is of only 68% of the attached flow value, 1t decreases
with mass injection down to about 10 percent of h_at e¢q = 0. Similarly it
is seen from figure 7 that the peak value of the heat transfer is equal to
2.38 times the attached flow valuewthout mass injection. bhEt& decreases
sharply and linearly with increasing mass injection until Chapman's value
(Cq = 0.2) 1s reached above which the heat transfer peak has disappeared
as shown in figure 5., Also seen is that the ratio hm/ht is below unity over
the whole model surface for Cq larger than about 2.0; except near the model
base where hm/ht increases again as a result of transition from laminar

to turbulent upstream when C, was increased.
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Comparison between figures 2 and 5 showas that the pressure and
heat transfer peaks have the same location at X/L = .06>, i.e, 0,8mm upstream

of the junction (R) of the reattachment shoulder with the conical afterbedy.

Both pressure and heat transfer peaks vary linearly with small
injection rates up to Cq = 0,15 approximately. Furthermore both peaks have
the same location, Therefore, these suggest the following approximate
correlation

hmk 2,38 - 9.0C Pp
PN . SR - S .

ht  1.54 - 2.8C_ p

q ‘¢

Using this expression, one can determine as a function of mass
injection, the heat transfer peak at reattachmant knowing the experimental
pressure peak at zero injection, and the pure cone flow conditions,

4. Conclusions !

An investigation has been undertaken in the hypersonic B-1 wind

tunnel at the wn Karman Institute for Fluid Dynamics at a free stream Mach

number of 5.41 to determine in detail the static pressure and heat transfer
rate on and downstream of the reattachment shoulder of a 10° cone-cavity
model with and without mass injection. The results discussed in this report

form the basis for the following main concluaions, !

1, The pressure along the cavity floor for the type of shorg-

deep cavity employed is constant for zero injection and, furthermore, remains

constant along the floor for mass injection rates of over twice Chapman's

value. This cavity floor pressure increases monotonically with iuvjection.

i
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2. The heat transfer rate to the cavity floor is only 68 percent
of the pure cone value at zero injection and decreases down to l0 percent at

an injection rate about equal to Chapman's valus.

3. The pressure rises sharply and linearly in the compression
portion of the reattachment zone for zero injection to a peak that is 53
percent greater than cone pressure while the haat transfer rate rises to

2,38 times the cone value,

4, There is no injection rate which will entirely eliminate the
Pressure rise, although the heat transfer coefficient can be lowered below

the cona value for injection rates larger than about Chapman's value.

5. The maximum reattachment heat transfer and pressure occur at
the same position, independent of the injection rate and both decrease
linearly with i{ncreasing mass injection, up to Cq = 0,15, A result which
lead to a simple empirical correlation between pressure and heat transfer

reattachment peaks.
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