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ABSTRACT 

An experimental investigation has been made of the recovery 

factor and heat-transfer distributions on a set of cone-models 

Incorporating annular cavities. This study is the second part of 

a two-part program. The first section contianed measurements of 

the pressure distributions. 

The cone-surface Mach number was 6.5, the free-stream Mach 

number was I 1.2, and al I experiments were carried out in helium. Al I 

cavity flows were "open", and all heat-transfer tests were In the 

laminar regime. 

The results show that the recovery factor In laminar, hypersonic 

cavity flow is almost constant within the cavity and downstream of 

reattachment, and is very close to the laminar attached-flow value. 

In the irrmediate vicinity of reattachment, the recovery factor is slightly 

higher than this value. (less than 5%). 

The lowest values of the heat-transfer coefficient are found on 

the cavity floors, where a minimum of about ten to twenty percent of 

the attached-flow value is reached. The highest values of the heat­

transfer coefficient are fn the Immediate vicinity of reattachment. 

An average reattachment heat-transfer coefficient of about three times 

the basic cone heat-transfer coefficient was measured on one cavity model. 

On one model, the Integrated heat-transfer In the separated-flow 

region was evaluated, and was found to be about 55% of the corresponding 

attached-flow value, in agreement with Chapman's theory. 

l.l.l. 
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NOTATION 

External Area of model surface 

Specific Heat at Constant pressure 

Maximum depth of cavity 

Local heat-transfer coefficient 

Length of cavity, xR - xs 

Length of model surface before separation shoulder, 
measlred along slant side of cone 

Swept length of cavity, ';S 

Mach number 

Pressure 

Prandtl number 

Total heat transfer rate per unit time 

Local heat transfer rate per unit area per unit time 

Taw - Te 
r Local recovery factory, 

To - Te 

Re Reynolds number based -on fluid properties at the edge 
of the boundary layer on the basic cone 

h 
St Stanton number, defined as 

Pe C u p e 

t Time 

T Absolute temperature 

u Velocity In x direction 

x Distance measured from nose along slant side of basic cone 

-x Distance measured along wetted cavity surface from 
reattachment shoulder · 
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i . 

x defined as (x - xR) on surfaces downstream of cavity 

6 Boundary Layer thickness 

S Cone half-angle 

p Mass density 

µ Viscosity coefficient 

Subscripts: 

ew AdfabatJc wal I conditions 

c,cone Values on basic cone 

cav Value on cavity model 

e Conditions at edge of boundary layer or shear layer 

Initial conditions before test 

t = o+ Instant of flow start 

R Reattachment shoulder 

S Separation shoulder 

X Crossing-point 

m Free-stream conditions 

o Isentroplc stagnation conditions 

w Model wal I conditions 
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INTROOLCTION 

The present work is the second part of a report on an experimental 

study of laminar hypersonic cavity flows. In the first section (Reference I), 

the general program was described, and the measurements of the pressure 

distributions on a series of 2rP cone-models incorporating annular cavities 

were reported. In this, the second section, measurements of the distribu­

tion of local recovery factor and local heat-transfer coefficient on models 

of the same geometry are presented. As in Reference I, the free-stream 

Mach number was about I I, and the cone-surface Mach number was 6.5. The test 

gas was helium, with a stagnation temperature of room temperature. 

EXPERltENTAL EQUIPtENT A~ TECHNIQUES 

As with the pressure studies, a 11 tests were made in the 3" he I i um 

hypersonic tunnel of the Gas Dynamics Laboratory at Princeton University. 

Experiments were carried out at three levels of stagnation pressure --

400, 700 and 1,000 psia. The heat-transfer and recovery-factor models had 

the same geometry as the pressure models (see Reference I) with the exception 

that the 1/16" deep cavity models were omitted. In other words, cavity 

geometries used for the present work had I engths of 5/ 16", 5/8" and 1-1 / 4" 

and depths of 3/ 32" and I /8". A heat-trans fer mode I for the 5/8" x I /8" 

single-arc geometry was also bui It, making a total of seven configurations. 

As before, the length of the model before the separation point was kept 

constant at 1-1/4" (measured along slant side of cone). All models incor­

porated the 0.005" standard nose, and were made with four pressure taps 

0 spaced 90 apart at a single axial station for model alignment while the 

tunnel was running. Sample models are shown in Figure 1. 

Manuscript released August 1963 by the author for pub I ication as an 
ARL Technical Documentary Report. 



The heat-transfer measurements were made using the transient 

"thin-wa 11" technigue, and a detailed description of the use of this 

technique in hypersonic separated flows is given in Reference 2. Since this 

reference contains al I relevant information on the experimental method used 

for the present work, only a brief outline wi I I be given here. 

The transient method uses a roodel with a thin metal 9<in, instrumented 

with therroocouples. At the beginning of a test, the roodel is isothermal at 

a particular initial wal I temperature. The flow is then started suddenly, 

and the therroocouple output recorded on fast-response continuous-record 

potentiometers as the model cools towards recovery temperature. The initial 

gradient of the resultant temperature-time tr~ce at each roodel station is a 

measure of the heat-transfer rate at that point. In addition to this method 

of measuring the initial heat-transfer rate, some of the data from the present 

experiments were analysed using the first two seconds of each temperature­

time trace from points in the cavity, and applying the ful I conduction 

equation for the temperature history in the skin. In the present report, 

this is called the "conduction method" of data reduction, and results 

obtained in this way are denoted by shaded symbols in the figures. 

Experiments were carried out at several levels of initial wal I 

temperature using infrared heat-lamps to raise the roodel temperature before 

a run. Ttefinal results were obtained by plotting the initial temperature 

gradient against initial wal I temperature, together with independent measur~ 

ments of the adiabatic wal I temperature, and using the slope of the resultant 

straight I ine as the f ina I measure of the heat-transfer coefficient. (The 

modified Newtonian law was found to hold throughout.) The recovery 

temperature distribution was measured using the thin-skin metal models 
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by simply running the tunnel for about seven to ten minutes and recording 

the final thermocouple outputs. For the normalising cone and for one cavity 

configuration, special recovery-factor models were made from an insulating 

material (plexiglass) and instrumented with surface thermocouples. The results 

from these models were virtually identical to the data obtained from the 

corresponding metal models. 

In Reference 2, concern was expressed about the time taken for the 

steady-state distribution of temperature and velocity in the cavities to 

be established. (For the use of the transient technique to be valid, this 

must occur virtually instantaneously.) Since a true steady-state measurement 

technique was not available in the laboratory, a form of the transient method 

was d~veloped to approximate the steady state technique. This method was used 

to spot-check the conventional transient measurements. 

The method is bas i ca 11 y the i nsu I ated-mass technique _described by 

Westkaemper in Reference 3. A mode I. was bu i It which corresponded to the 

geometry of the L = 1-1/4", D = 3/32" cavity model. t-bst of the model was 

made of sol id copper, but at the mid-point of the cavity a thin (0.01") steel 

annulus was mounted. The steel ring was insulated from the copper part of the 

model with plexiglass washers, and the copper model was insulated from the 

supporting sting with a nylon sleeve. Thermocouples were mounted in the steel 

annulus, and in the copper body. The mode.I is shown in Figure I. 

(Lowest mode I.) 

A test on this model was begun in the normal way. The model was 

isothermal at the beginning of the test, and 'the tunnel was started suddenly. 

Figure 2 is a tracing of the temperature-time history of the steel annulus 

during a typical run, superimposed on that of the copper section of the model. 

3 



At A the tunnel starts; the heavy copper model falls slowly in temperature 

as it is cooled by the stream. The steel section, being much lighter, and 

having therefore a very low heat capacity, cools more quickly. At point B, 

infrared heat lamps are turned on. These give a higher heat input than the 

cooling power of the flow in the cavity, and the temperature of the steel 

section rises. (The steel was painted matt black to increase its absorption 

coefficient.) The heat lamps have little effect on the copper body because of 

its large thermal capacity, and because the heat transfer rate from the stream 

is so high outside the cavity. At C the heat lamps are turned off, and the 

steel annulus again quickly cools. At X, the steel has cooled to the same 

temperature as the copper body, and continues to cool past this temperature. 

Now, if the thermal conductivity of the copper is high enough, the 

entire model wi II be substantially isothermal at point X. As a result, 

the temperature gradient of the steel annulus at this point wi I I give a 

measure of the heat transfer rate in the mid-point of the cavity associated 

with an ,isothermal model temperature of Twx. The crossing-point X occurs 

some time after the tunnel was started (about 15 to 30 seconds for various runs), 

and the measurement at this point should be clear of any starting transients. 

The method is probably not as accurate as the normal transient 

technique, because the thermal conductivity of the copper is finite, and 

the model is not therefore strictly isothermal. However, it is felt that 

this technique should be a good check on the thin-skin method. 

In the data from the thin-ski·n heat transfer models, the results were 

obtained using the correct skin thickness for most of the configurations 

tested. The models were cut apart after testing and the wal I thickness 

at each measuring station measured accurately. However, this was not done 
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for the 5/16" x 1/8" and 1-1/4" x 1/8" cavity models, which are being 

reserved for possible future tests. For these models, the data were reduced 

using the machinist's estimate for 0.01" wal I thickness throughout. Experience 

with this type of model has shown that this estimate is correct to about 

.± 0.0005", which might result in a possible.± 5% error in heat transfer rate. 

None of the models described above could be used to measure recovery 

factor and heat-transfer rate in the immediate vicinity of reattachment. 

(Specifically, in the region cons.idered by Chung and Viegas in Reference 4. 

It is shown in this reference that the significant length bounding the 

"reattachment" region in a cavity flow is of the order of the mixing layer 

thickness.) Accordingly, two additional models were constructed for the 

norma I L = 5/8", D = I /8" cavity geometry which measured the average recovery 

factor and heat-transfer rate in the reattachment region. These models are 

shown in Figure 3. 

The recovery factor model was made of plexiglass, and had an ainular 

circuit-paint measuring element at the reattachment shoulder. The circuit­

point band was 0.02" wide, and was recessed into the plexiglass surface and 

machined flush. Thermocouples were installed at 90° intervals around the 

circumference. 

The heat-transfer model was made of brass, and had a copper ring of 

approximately square cross-section mounted in a plexiglass spacer at the 

reattachment corner. The cross-sect ion of the copper ring was 0.0311
· on a 

side, and four thermocouples were again installed around the circumference. 

The heat-transfer rate was measured by recording the temperature-time var i,at ion 

of the copper ring during a run. The detai Is of this method are virtually 

identical to the thin-skin technique. 

5 



RESULTS OF EXPERIMENTS 

MEASlfiltlENTS OF RECOVERY-FACTOR A~ HEAT-TRANSFER COEFFICIENT 
ON TI-IE BAS IC CONE 

The recovery-factor measurements on the 20° cone are given in Figure 4, 

as local recovery factor against cone Reynolds number. The heat-transfer 

results are given in Figure 5, as Stanton number against cone Reynolds number. 

All fluid properties are evaluated at the edge of the cone boundary layer. 

The theoretical values for recovery factor and heat-transfer coefficient in 

laminar flow are taken from Reference 5. 

The recovery factor dara in Figure 4 indicate that natural transition 

occurred on the cone at a Reynolds number of about 2 million. In reducing 

the heat-transfer results, the laminar recovery-factor value of 0.815 was used 

throughout, and the data of Figure 5 are therefore unreliable abov@ Re - 2xl06• 

(The heat-transfer coefficient results do notshow a rise at high Reynolds 

numbers, which may indicate either that ·the increase is smothered by the use 

of a constant recovery factor in reducing the data, or that the different 

experimental conditions in the heat-transfer tests result in a somewhat higher 

transition Reynolds number.) 

In any event, only the laminar data were of interest in the present 

investigation, and these data were used to normalise the cavity-model heat­

transfer rates. The cone recovery-factor results are presented to indicate 

the range of purely laminar flow, and these results were used in conjunction 

with the transition evidence of the first part of this report to limit the 

experiments to a Reynolds number below 2 mil lion. 

RECOVERY-FACTOR MEASUREMENTS ON TiiE CAVITY MOOELS 

These results are presented in Figures 6 through 9. The results are 

for laminar cavity flow only, and the possible stagnation pressure of the 

tests therefore descends as the cavity I ength increases. For the L = 5/ 16" 
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cavity models stagnation pressures of 400,700 a,d 1,000 psia could be 

used, but for the L = 1-1/411 cavity models, only tests at P0 = 400 psia 

were always laminar. All the results given were obtained using the thin­

skin heat-transfer models, with the exception of the 5/811 x 1/8" cavity 

geometry, for which both plexiglass and metal models were tested. 

The results of al I tests show that the recovery factor for the laminar 

cavity flows is little different from that of the basic model with attached 

boundary I ayer. For the case of the 5/811 x I /811 cavity geometry, the recovery 

factor in the immediate vicinity of reattachment was measured using the special 

model shown in Figure 3. The results are included in Figure 7, and it is sea, 

that the recovery factor at reattachment is of the order of 5$ higher than 

elsewhere. The reattachment heat-transfer model for this geometry was also 

used to obtain recovery factor measurements, by simply recording the final 

temperature of the copper ring after about seven minutes running time. The 

reattachment zone recovery factor measurements using the two models were 

identical. This is an indication that the average measurements describe the 

true reattachment point value quite accurately, since the measuring area for 

the heat-transfer model was three times as large as for the recovery-factor 

mode I. 

Increasing the value of os/D is seen to cause a slight reduction in 

the recovery factor level for the present experiments. This is probable, due 

to the effect of the finite initial boundary layer th1ickness. Increasing this 

thickness would lower the velocity on the dividing streamline, and hence lower 

the kinetic impact pressure. 

MEASUREMENTS OF HEAT-TRANSFER COEFFICIENT ON THE CAVllY MODELS 

The local heat-transfer coefficient h is defined in the usual way 

using the modified Newtonian Law, namely 

q - h CTw-Taw> 
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For the thin-wal I measuring technique, this can be written 

where the quantities on the left-hand side are for a wall element at a 

particular model station. (V/A)w is the volume to external area ratio, and 

is approximately equal to the skin thickness. (The correct ratio is 

calculated from the particular model geometry.) 

The results of the experiments are given in Figures 10 through 161 as 

local heat-transfer coefficient normalised by the equivalent cone value, 

plotted against distance from the model nose along the slant side of the basic 

cone. Al I results are for laminar flow in the cavity. 

The heat-transfer results from each model configuration show the same 

general characteristics. The heat transfer is greatest at reattachment, and 

fat Is off both upstream and downstream of this point. In the cavity, the 

heat transfer coefficient fal Is to about 10 to 20% of the basic-cone value and 

then rises again near the separation shoulder. Downstream of reattachment, 

the heat-transfer coefficient fat Is to the cone value within one cavity 

length, and in most cases falls below the cone value further downstream. 

For the 5/8" x 1/8" cavity geometry, measurements of the average 

heat-transfer rate in the reattachment region were made using the copper-ring 

model shown in Figure 3. When the results were reduced using tt-e previously 

measured values of the recovery factor in the vicinity of reattachment, the 

fol lowing values of h/hcone were obtained. 

Stagnation pressure (psia) 

400 
700 

8 

h/hcone 

2.63 
2.90 



These values fit the trend of the thin-wall data for the 

5/811 x I /8" mode I. 

Changing the boundary-layer thickness at separation (i.e. varying the 

stagnation pressure) was found to have little effect on the distribution of 

h/hcone in the cavities. However, it should be remembered that 65 

was varied in the present experi~ents only by a factor of about 1-1/2. 

Downstream of the cavity, increase of os/D was found to lower the 

final level of h/hcone • On the two models for which tests were made at 

p0 = 1000 psia, there are indications of transition downstream of 

the cavities. 

The measurements made of the heat transfer rate in the centre of the 

cavity on the model with L = 1-1/4", D = 3/32" using the insulated-mass model 

were found to agree very wel I with the measurements made using the thin-wal I 

method (see Figure 15). This is a definite indication that no starting 

transients exist on the present configurations, and supports the analysis 

of Reference 2. 

The results of the heat transfer measurements on the single-arc cavity 

model (Figure 16) are little different from those on the models with the 

normal cavity geometry used in the present work. The floor heat transfer 

rate is a little higher than on the other models carrying 5/8" long cavities, 

but otherwise the distribution of h/hcor.e is similar. At the X = 2" 

station on the single-arc model, the measured heat-tr~nsfer rate does not 

fal I on a smooth curve through the rest of the data, but it is not known 

whether this has any significance or not. The thermocouples on this model 

were calibrated and tested very ·careful ly, and no reason was found for 

rejecting the data from the thermocouple at the X = 2" station. 
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In Figure 17, the cavity data from all models at al I stagnation 

pressures are plotted on the same scales for comparison purposes. The 

-abscissa is x/L where x is the distance measured along the cavity surface 

from the reattachment point. It is seen that the h/hcone distribution 

varies roughly with the inverse of ';./L, although the data from the reattach­

ment corner fol low the inverse half power more closely. This figure also shews 

that, in general, the deeper cavities have slightly lower values of floor 

heat-transfer coefficient. 

Some preliminary heat-transfer results from the first model buj It for 

the present program were published some time ago in Reference 6. These 

results have since been . found to be in error and are to be replaced by the 

present data. The reasons for this correction form the subject 

of Reference 2. 

DISCUSSION 

As mentioned in the previous section of this report, there do not appear 

to be any other investigations of laminar, hypersonic cavity flow available 

with which to compare the present work. The most similar experiments are those 

of Larson in Reference 7, which were carried out at Mach numbers from 0.3 to 

4.0. The present heat-transfer results are in good agreement with the laminar 

measurements of Larson. Larson was primarily interested in the average heat 
' 

transfer rate, but his experimental method al lowed an estimate of the local 

variations in heat transfer coefficient. These latter results show the same 

high heat transfer at reattachment, and low heat-transfer on the cavity floor 

as do the present measurements. 

The local variation in heat transfer coefficient along the cavity 

surfaces is qualitatively what would be expected on physical grounds. The 

reattachment point is a stagnation point of the fluid passing along the 

10 



dividing streamline and the heat transfer coefficient is high at this point. 

As the fluid recirculates around the cavity in contact with the wall surfaces, 

it gradually loses i.ts capacity to transfer heat, as the layers of fluid near 

the wal I more closely approach the wal I temperature. In addition, if one 

thinks of a boundary layer growing in an upstream direction from the re-, 
attachment point (see Reference 4), the effective "boundary layer thickness" 

becomes larger as the reversed flow near the wall passes under the core of 

slowly moving fluid around the u = 0 locus. 

On the surfaces downstream of reattachment, the heat transfer 

coefficient eventuallY, fal Is below the pure-cone value, provided the flow 

remains I am i nar. Th
1
i s is because the boundary I ayer is thicker on the cavity 

model downstream of reattachment than on the basic cone because of the rapid 

shear layer growth. (The laminar shear layer grows about three times as 

quickly as a laminar boundary layer.) 

For the 5/8" x 1/8" cavity model, heat-transfer measurements were made 

in the immediate vicinity of reattachment. These results, combined with the 

measurements made outside the reattachment region with the "thin-wal I" 

technique, were used to calculate the overal I heat-transfer rate in the 

separated region on this model. The measuring element on the copper-ring 

model used to measure the reattachment heat transfer rate had two exposed 

faces of virtually equal area, one forming part of the cavity surface, the 

other on the cone surface downstream of the cavity. In calculating the 

total cavity heat transfer, it was assumed that the heat-transfer to the 

copper ring was divided equally between its two faces. The validity of this 

assumption waschecked in the following way. 

The measurements made outside the reattachment region using the 

th i n-wa 11 5/8" x I /8 11 mode I were ana I ysed, and it was found that the data 

were wel I represented by the laws 

11 



- -½ hcov = const. x (x) 

In the cavity near reattachment, and 

- - -• hcav - const. x (x) 

on the conical surfaces of the model downstream of reattachment, for a 

particular stagnation pressure. The constants were determined from the thin­

wal I model results. It was found that if these relationships were assumed to 

hold into the reattachment region, and the average heat-transfer rate in the 

region spanned by the copper ring were calculated, the results agreed very 

wel I with the values actually measured by the copper-ring model. In addition, 

the heat-transfer distribution from the above variations showed that an equal 

division of heat transfer between the upstream and downstream faces of the 

rlng was a valid assumption. 

Using this assumption to obtain the average heat-transfer rate on the 

reattachment face, the total heat-transfer rate in the cavity was calculated 

by integrating the local variation of the heat-transfer coefficient along the 

cavity surface. It was found that any reasonable assumption for the local 

variation of heat-transfer coeffJcient in the reattachment region which gave 

the correct average value would yield virtually the same total cavity heat­

transfer rate after integration. The value of the adiabatic wal I 

temperature was assumed to be constant and equal to the laminar cone value. 

(The experimental results show that this is a reasonable assumption.) 

This enables the total cavity heat-transfer rate to be compared with the 

corresponding value for an attached boundary layer between the same model 

stations by comparing the corresponding overal I heait transfer coefficients. 
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In this way, the comparison parameter H was evaluated, where H is 

defined by 

t h dA 
J cav cav -

- ~ hcone ~ dx 
Qcav o cone 

H • · -- = ----------
Qcone L1+L 

dA 

J cone 
hcone dx dx 

This parameter H is comparable to Chapman I s parameter "qw/C ciw \.t" 
in Reference 8. 

The values of H calculated for the two stagnation pressures used for 

the 5/8" x I /8" mode I were as fo I lows: 

- -
P0 (psia) H = QcavlOcone 

400 0.546 
700 0.544 

The theoretical value of H from Chapman's theory in Reference 8 is 0.55, 

for a Prandtl number corresponding to helium. Excel lent agreement with 

Chapman's result is evident. Larson, in Reference 7, working with cavity 

flows at supersonic Mach numbers in air, also obtained virtually exact 

agreement with Chapman's theory. In view of the rather extreme assumptions 

involved in the derivation of Chapman's solution, it is surprising that the 

experimental agreement should be so good. However, although the cavity flows 

studied by Larson and by the present author were quite different in geometrical 

configuration, both sets of experiments were carried out with cavities which 

had comparatively smal I length-depth ratios. It remains to be determined 

whether ChaP.man I s theory can be app I ied to much longer (but st i 11 "open") 

laminar cavity flows. 
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In addition to the above, the total heat-transfer to the cavity model 

over a surface composed of the cavity plus one cavity length downstream of 

reattachment was calculated, and compared with the corresponding heat­

transfer to a conical surface between the same stations. (The local heat­

transfer rate on ihe cavity model recovers to the cone value within about 

one cavity length downstream of R .) This quantity is a measure of the 

total advantage in heat-transfer reduction obtained by replacing an attached 

boundary layer with a cavity-type seperated layer. It was found that the 

overal I heat-transfer rate was reduced by about 10$. In other words, most 

of the reduction in heat-transfer rate in the cavity was countered by· an 

increased heat-transfer on the downstream surfaces. 

In Reference 9, Charwat et al published results of experiments on 

turbulent cavity flows at supersonic Mach number. In these experiments it 

was found that unsteady mass exchange was taking place between the cavity 
) 

and the external stream. In the present work, no evidence of mass shedding 

from the cavity was ever obtained in the laminar regime. 

In Reference 4, Chung and Viegas present a theory for the pressure and 

heat-transfer distributions in the reattachment zone of a cavity-type 

separated flow. In this work, the authors first consider the flow near the 

reattachment point to be inviscid and incompressible, but rotational. They 

solve for the stream function in closed form, evaluating the vorticity from 

an incoming velocity distribution obtained by fitting an exponential external 

condition for a boundary layer starting at the reattachment point. 

The analysis yields a characteristic length in which virtually al I of 

the pressure decay from the reattachment stagnation point occurs. This 

length is of the order of the mixing layer thickness. When the analysis of 

Chung and Viegas was applied to the experimental conditions of the present 

14 



work, it was found that complete pressure decay should be accomplished 

about 10% of the cavity depth below the reattachment shoulder. Some recent 

detailed measurements made by the present author of the pressure distribution 

in the immediate vicinity of reattachment on the 5/8" x 1/8" cavity config­

uration show that the pressure decay distance given by the theory of Chung 

and Viegas is much too small. In addition, when the heat-transfer results 

of the present investigation were compared with the prediction of 

Reference 4, considerable disagreement was found, The average heat-

transfer rate in the vicinity of reattachment on the 5/8" x 1/8" copper-

ring model was found to be about half of that given by the theory of 

Chung and Viegas. 

There are a number of possible reasons for this discrepancy between 

the present experimental results and the analysis of Reference 4. Chung and 

Viegas state that their approximate heat-transfer analysis is "based on the 

theory of a highly cooled boundary layer" but they do not give sufficient 

information to determine whether the analysis can be applied to cases in 

which the wal I temperature is of ·the same order as the adiabatic value (as in 

the present experiments). In addition, the accuracy of the present experi­

mental results is limited by the assumption that the heat-transfer rate to 

the measuring element on the copper-ring model is split equally between its 

two faces. However, there is yet another possibility. Chung and Viegas make 

the a priori assumption that the fluid on the dividing streamline reattaches 

at a right angle to the cavity wal 1. (The model angle at R is taken as 90° 

as in the present basic experimental configuration.) It is difficult to see 

how this assumption is justified on a physical basis. One might expect 

intuitively that the angle should be closer to the potential solution for 

uniform flow approaching a right-angled corner, which would be 3n/4. 

15 



If the true angle of reattachment were larger than that assumed by Chung 

and Viegas, the result would be an increase in the size of the reattachment 

zone and a drop in heat-transfer. This would brlng the theoretical result 

more in I ine with the present experiments. 

cor-c LLD I NG REMARKS 

The present investigation gives results of measurements of the local 

distribution of recovery factor and heat transfer coefficient in laminar, 

hypersonic cavity f I ows. The free stream Mach number was I I .2 and the test 

gas was helium. The cavity-models were oased on a -20° cone, and the cone 

surface Mach number was about 6.5. Wall temperatures equal to, and slightly 

greater than the free-stream stagnation temperature were used. 

The principal results of the experiments may be summarised as follows: 

(I) The recovery factor on the cavjty models was found to be 

very close to the value obtained in laminar flow on the basic 

cone with an attached boundary layer. At reattachment, the 

recovery factor was a I ittle higher than elsewhere (less than 5$). 

(2) For al I models tested, the heat transfer coefficient was found 

to be a maximum in the reattachment region, and to fal I off both 

upstream and downstream of this point. On one model, the average 

heat transfer coefficient in the irrmediate vicinity of reattachment 

was measured, and was found to be about 2-1/2 to 3 times as high as 

the corresponding cone va~ue. 

(3.) The heat-transfer coefficient was lowest on the cavity floors, 

reaching a minimum of about 10 to 20$ of the attached value. 

(4) The value of hcavlhcone more than one cavity length of 

reattachment was nearly always slightly less than one. 

16 



(5) On the configuration for which sufficient measurements 

were made to calculate the overal I heat-transfer rate to 

the cavity, excel lent agreement was obtained with 

Chapman's theoretical value; i.e. the total heat-transfer 

rate In the region of separated flow was found to be 

about 55i of the corresponding attached-flow value. 

(6) On the configuration mentioned In (5), it was found that 

the substantial reduction In heat-transfer rate due to the 

presence of the separated-flow region was largely countered 

by the Increased heat-transfer to the surfaces downstream. 

For the cavity plus one cavity length downstream of 

reattachment, the total heat transfer was about 10$ lower than for 

a corresponding attached flow. It must be stressed that this 

conclusion and conclusion (5) refer to a cavity configuration 

with L/D = 5, and the posslbi I lty remains that the integrated 

heat transfer rates may be dependent on the cavity length-

depth ratlo. 

(7) The theory of Chung and Viegas was found to overestimate 

the average heat transfer rate In the Immediate vicinity 

of cavity reattachment by a factor of two. 

17 
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SYMBOL MODEL P.(p1ia) I.I 

0 5/16 ,c 1/8 } 400 
700 • 5/16 >e 3132 I 000 

6 5/8 )( 1/8 } 400 
I.I 

• 5/8 ,c 3/32 700 

D I l/4 >< 1/8 } 
400 1.4 • I ~4 ,c 3/32 

V } 400 5/8>C 1/8 SA. 700 

1.2 

• • • ...... ---+---...... --..... --............... ,.... 1.0 u 
~ 

I 

a 

..__ _______ _._ _______________ __.o 

1.0 0.8 0.6 0.4 0.2 
i,t 

Figure 17. Cavity heat-transfer rates -
all experiments 
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