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SUL7,7ARY 

This report is an investigation into the melting of axi-symmetric 
and two-dimensional bogies at a Mach No. of Nw  = 1.78 and stagnation 
temperatures up to 5501K. In this temperature range, the most suitable 
material for the modelA Was found to be an eutectic tin-lead alloy 
a melting point of 456-K 

For the cone and hemisphere-cone models two distinct modes of melting 
were observed. In cases where the estimated equilibrium surface temperature 
(TU)0 was approximately equal to the material melting temperature Tm,  
melting occurred only at the stagnation point of the model and was such 
that a flat surface normal to the gas stream always resulted. If the 
average rate of heat transfer at the air-liquid interface be defined as 
OEM 

41.  = LmPm  3t, where Lm  is the latent heat of fusion, Pm  is the density of 

the material and i is the rate of recession of the flat surface, it is 
found that 	decreases with increase of the radius of the flat nose. A 

very approximate theory is found to show some agreement with the experimental 
rates of heat transfer. When (T )o  was considerably greater than Tm 
the flat surface was no longer preserved and the resulting steady ablating 
shape was paraboloir]al in nature. When this occurred was usually 
constant. This allowed some average steady state heat transfer rates to 
be evaluated and compared with theory. 

Preliminary tests were also made with a two-Oironsional wedge model. 

* Based on a thesis submitted in partial fulfilment of the requirements 
for the Diploma of the College of Aeronautics. 
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2.1.2. Pressure measurements • • 	• 

The sta.gnation pressure of the tunnel 	measured with a static 
probe located in the settling chamber. At the working, section the static 
pressure was obtained by a tapping, in the floor of the tunnel and the 
total head traverses were made with a. pitot tube. 

2.1.3. The temserature_Lrobes 

The probe used for ):leasuring temperature is shown in Fig. 5 and 
consists of chremol-ccnstantan thermocouple shielded by two concentric 
tubes of duralumin. The recovery factor of this tzese of probe is about 
0,99 over the Mach number range encountered in this -.L•eport. This type 
of probe was used for measuring the total temperature in the working 
section and the settling char.lber. The temperatures were recorded on 
a standard Foster instrument 

2.1 	The travorsinLxiL 

This has been described in Ref. 6 and was used for the pressure and 
temperature measurements which were made in the working section. 

2.1 .5. Tho yeedero models 
4=4- 	4.1w-arm 

The wedge used to simulate a two dinensional mode of melting is 
shown in Fig. 1. In order that temperature variations .within the material 
could be investigated the model was constructed so that only the upper 
1.is:1 -r of the wedge melted. The u-eper half was made of a low melting 
point material and the remainder of the model manufactured from a material 
with a melting point much higher than the terrperatures e:rpeeted to be 
realised in the tunnel. Previous investigations (Def. 7) indicated 
that if the thermal -properties wore ill chosen then the heat transfer 
from the support to the ablating material could considerably influence 
the melting process. Thus, the base of the model 	held the insert 
of ablating material was made of brass. Experiment confirmed. that the 
thermal properties of this material were comparable to those of the 
insert thus resulting in a thermally homogeneous. 

Before tests were made on the above model it was thought desirable 
to find out if a temperature variation existed over the surface of the 
model. To do this a steel wedge, illustrated in Fig. 2, was made 
containing a oolTer insert in the surface, in. which seven thermocouples 
were embedded. Each thermocouple consisted of one co: stantan wire, with 
the copper insert acting as the other element of the thermocouple. The 
constantin leads were insulated with ceramic tubing from the surrounding 
carper, contact being made only at the surface of the co..Ter (Fig. 2). 
This minimised the possibility of short circuiting the thermooevTle. 



2.1.6. The A.RJA. 12 Channel Recorder 

This instrument enabled 12 input voltages to be recorded simultaneously. 
It consists of 12 A.R.L, Ladget Galvanometers with each channel fully 
insulated. The inputs axe measured by the deflection of the mirror 
galvanometer, which are recorded by reflecting a light source (a loop 
filament lamp) from the mirros on to the sensitised paI)er. The trace 
width obtained is 0.005" and therefore with a deflection of 0.541, 
accuracy in reading of 1L70 may be achieved. 

A reference trace is provided by a static reflecting mirror, and 
lateral adjustment is available for siting the trace at any convenient 
spot across the sensitised paper. Light from each galvanometer is 
momentarily interrupted and by noting the sequence of interruptions the 
traces may be identified along the entire length of the paper, although 
they may run closely or cross. 

The scale deflection is regulAted by the insertion of a series 
resistance in the circuit, whilst a shunt resistance of appropriate 
value will give any desired degree of damping. 

2.1.7. The Axi-Svmmetric Heat Transfer Hod.els 

These models were cone-heL'isphere-cylfnder shaped bodies as shown 
in Fig. 10a and were constructed g  of tin or tin-lead alloys. The included o cone angle varied from 15 - 40 and the nose radius varied from zero to 
5/16" radius. 

To investigate the effect of high stagnation terrperature on the mode 
of ablation, it has been necessary to design a shroud -which would fit over 
the model and reduce the heat transfer to the maCel long enough for a 
Predetermined stagnation *temperature to be reached. 

The shroud consisted of a hollow wooden cone split LI two; the 
pieces of which were held together by copper wire soldered with tin and 
by a nose piece made of tin (Fig. 3). When the tin molted the shroud 
was blown off leaving the model exposed to a strew teirrperature approximately 
equal to the melting temperature of the tin. To reduce heat transfer 
further, asbestos wool was packed between the shroud and the model. The 
base of the model was protected by an asbestos washer, 

2.2. Calibration of the DT1zi2mept 

2.2.1. Wind tunnel 

Total pressure traverses uel-e made throughout the area of the working 
section. With the throat lads in position it was found that uniform flap 
only existed in the middle of the working section (Fig. 6) and the average 
Yach number was X[,,.= 1.78. Without the throat naes however the uniform 
flow was maintained up to the tunnel walls and the 1.-iach number was 14,,, . 1.65. 



The decrease in the Mach number obtained near the walls when the 
throat pads were inserted was due to reflected shock waves associated 
with the non-uniform flow in the nozzle. 

The temperature traverses indicated that throuhout the working 
region a fairly uniform tes,yerature existed. (Fig. 7) . 
2.2.2. Calibration of  the Thermocouples 

The total temperature probes for measuring the gas temperatures, and 
the thermocouples in the wedge model, were calibrated complete with their 
ancillary equipment against a master thermocouple. The wedge model and 
the tunnel thermocouples were placed with the master thermocouple inside 
an electric oven and the readings obtained from the A.R.L. recorder and 
theFoster instrument were compared with the temperature inCicated by 
the master thermocouple. 

In order to ensure that a uniform temperature existed throughout 
the oven it was allowed to settle for at least fifteen minutes before 
each reading was taken. This allcreed all thermocouples to reach a colmon 
temperature. 

3. Expediaental Procedure 

3.f. 	oration of the Tunnel 

The general procedure for operating the tunnel, together with the 
safety precautions which should be observed, has bC01: fully described 
in Ref. 6. It should be noted that in these exTerilents a -prescribed 
temperature could not be obtained instantaneously. The ti:B lag for the 
stagnation temperature to reach a required stead] value was of the 
order of several minutes. However, once the reviised staaation temperature 
was obtained, it could be maintained to within - 3 Co  or better. 

3.2. The 'Melting of Axi-§y:ImetricBe.dies 

3.2.1. Ablation tests for (T)0  21  Tin  

A he, 	model of known metal and geometry vas attached 
to the sting and. the gas temperature slowly increased ui til the stagnation 
temperature (Ts) was such that the wall temperature (Tvi)os  of the model 

was approxi,nately equal to the melting temperature Tm, of the material. 

This stagnation temperature was then maintained during ablation. The 
mode of melting was recorded by the Bolex 35 Lin camera. 
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3.2.2. Ablation Tests for (T1)0  > Tm 

In this series of tests the bodies melted were identical to those 
used in the previous section. The test procedure was modified to give 
(Tvo)o 	Tm where (Td o is the equilibrium wall temperature for an 
unablated body that is, when (T )0 was just below the melting temperature 

the fuel pressure was rapidl increased and then continuously adjusted 
to maintain a fairly constant stagnation temperature. This, however, 
limited (Tli)o because of the time lag mentirned above. 

3.3, Meling_of Two Dimensional Bodies 

The experimental procedure was similar to that described in 3.2.1, 

3.4. InvestiLaytion of Wall Nmerattixes 

The non-melting model described in section (2.1.5.), vas used to 
investigate the relation between stagnation temperature and surface 
temperature. In these tests the stagnation temperature was allowpd to 
attain a steady value before surface temperatures on the model were 
obtained using the A.R.L. recsrds. This was repeated for stagnation 
temperatures in the range 430 K < Ts  < 560°K, 

Tests were also made using temperature indicating thermindex paints 
and tempilaq. These wore coated on the model and the stagnation temperature 
at which colour changes occurred, was noted. 

l_. Discussion 

In Ref. 7 the preliminary investigations indicated that the mode 
of ablation was influenced by the model material and the flaw character-
istics of the wind tunnel. These lAro factors wore therefore examined 
before the work of Ref. 7 was pursued further. 

4.1. The Wind Tunnel 

The tunnel flaw has been described in section (2.2.1) and attention 
was drawn to the existence of reflected shocks originating at the throat 
and causing certain non uniformities in the flow in the "Dorking section. 
Since the axi-symmetric models were within the uniform region their mode 
of melting was unaffected by the presence of these non-uniformities. 
In the two dimensional 'costs howevJr, the wedge extended across the full 
width of the working section and therefore the possible influence of 
these non-uniformities on the 1:r-citing process must be allowed for. 

Reference 6 discusses the flow separation in the diffuser following 
the working section, which induces severe vibrations in the tunnel. 
The flow characteristics appeared to be unnaffectod by these vibrations, 
although some of the scatter obtained in the heat transfer results may be 
caused by the vibrations resulting in some instability of the liquid layer. 



4.2. Choice of the “e5e1 Yaterial 

Bogdonoff (Ref. 1), briefly dezeribes some tests in which ice and 
3arbon dioxide models were ablated in the Princeton Hypersonic Tunnel. 
With the tunnel described in this report practical difficulties prevented 
tests being made with these materials, thus fer case of handling, a low 
moltin-  point metal was used. 

As the tunnelocould be operated safely only up to a stagnation 
te-perature of 550 K, tins  with a melting point of 505°K and its alloys 
were considered to be suitable. These materials wore used in Ref. 7 
and the filmed records indicated that the melting was a discontinuous 
:recess, with lumps of semi-molten material beinL-  tern away from the 
mode] :Instead of being ablated continuously, Naturally in such tests no 
reliable melting rates could be obtained. 

lletallurgieal analysis of the materials used in Ref, 7 showed that 
they were, (a) pure tin (chempur 99.992 %Sn), and (b) Plunbers solder 
(non-eutectic lead-tin alloys  7C Pb.s  3C Sn.). A series of ablation 
tests were performed on cone models using these materials and also the 
folloring, (c) Tin - No. 2 industrial pure (99.75 	(a) Tin-lead- 
eUtectic alloy (375 Pb, 63 sn), and (e) Tin-lead non eutectic alloy 
(W: Pb, 4C% Sn). 

For the models made of metals (c), (e) it was found that initially 
a slight melting of the cone tip occurred, but thereafter the model 
&,sintegrated. Similar effects were experienced with metal (b) except 
that the break up of the model was not so violent and the process was 
extended over a longer period. Thotonierographs for metal (c) (Fig. 19a) 
revealed that the impurities existing in the grain boundlries were in 
sufficient quantity for local nultin,2-  to occur. This would result in 
local loss in strenz,th and the aere4ynamic forces on the body vould be 
sufficient to cause the observed disintegration. I'or the t,:e non-outectic 
metals (b, e)no unique melting point exists and thus local melting 
would once again result in local losses in strength. 

The chempilr tin models did not disintegrate in this nanner, but 
exhibited an unusual model of molting. Small irregular angular blocks 
(Fig. 16) of metal broke off from the nose of the model an: this 
characteristic persisted until the whole model had &olatod. The photo-
micrograph (Fig. 19b) is tzilical of pure tin and yields no explanation 
for this phenomenon. Refereneo L. has found however that at elevated 
te;_li-reratures, especially near the melting point the strength of tin is 
drasticelly reduced and so under the action of the aerodyna]yac forces the 
tin is slowly torn apart before it has reached its melting point. 

The eutectic alloy displayed none of these characteristics and was 
the only one to melt in a continuous ruiner yet Laintain sufficient 
strength at the higher temperatures to withstand the aerodynamic forces. 
The photo-micrographs (Fig. 19a) shows the homogeneity of the alloy. 
Thus the eutectics tin-lead alloy was chosen as tht-J meet suitable material 
for further investigation of ablating processes at these lou .s...taL;tiation 
temperatures. 



4.3. Model Surface T=eratures 

The results of the tests mentioned in section (3.4), en the wedge 
models to find the relationship between surface to_merature and the 
stagnation temperature is shown in Fig. 8 and a linear relationship was 
obtained between Ts and T . The exhaust gases from the pre-heater will 

pollute the air stream and thus reduce the value of the ratio of specific 
heats y. An approximate analysis suggested that Y lies within the 
range 1.30 < y < 1.35. The latter approximation to y was used in 
determining the Mach numbers. It was found that with a recovery factor 
of 0.88 theoretical prediction of Tw  is satisfactory for the cases M„„ = 1.78 
and 	= 1.65, see Fig. 8. Further, thermindex tests on the axisymmetric 
bodies showed results not inconsistent with the wedge model. Since the 
surface temperature of the melting bodies could not be measured, the above 
relationship boWeon the stagnation and surface tai Deratures vas used to 
estimate the gas liquid interface temperature, 

4.4. zhpiiqpi_  of the Shrouds 

As described in section (3.2.2) to obtain (Tm)0  much greater than Tm  
a moans of reducing heat transfer into the model was reeuired whilst Ts  

was raised to the appropriate value. Initially, a hollow- wooden cone 
split into two halves and placed over the model and held together by 
tin soldered wire was used. This, however did not provide sufficient 
protection, but by fitting a tin nose cone to the wooden shroud and 
packing it with asbestos the required reduction in heat transfer was 
obtained. The final design adopted is shown in 'Fig. 3 and is described 
in section (2.1.7). 

4.5. The Ablation ofAp2Tmetric Bodies 

Little work on experimental liquid-.ablation has boon published. 
However results similar to those obtained in this report have been reported 
by Bogdonoff (Ref. 1) wto subjected ive models to a hypersonic flow field 
(II = 11), with T = 294.K. Other work, Christensen and Buhler (Ref. 2) 
for example, is Rot really applicable here since their work is concerned 
with sublimation rather than liquid ablation. 

The experiments presented in this report deals with liquid ablation 
for two basic cases, i.e. when melting only occurs at the forward point of 
the model and when melting also occurs along the sides of the model. 



if..5 	bolting with ( T) a• Tm  

In cases where the wall temperature (co  at toe staLmation point 

was estimated to be in the raglan of the meltinE tempo-I-attire Tm  of the 

model, melting occurred only at the front of the body. For these conditions 
the recovery temperature along the sides of the model does not roach the 
molting temperature and thus melting is localised to the stagnation point. 
.As a first approximation it may be expected that the stable shape during 
melting would be a flat surface normal to the stream direction over which 
a fairly constant rate of heat transfer exists. This shape was realised 
in raactice (for those temperatures which pernitted the recovery telAperature 
along the sides to remain below Tm) see Figs. 14, 15 	for example, 

and could be consistently repeated. 

The results from the cine.films of the melting tests are presented 
in Table 1, where the decrease in length has been tabulated against time. 
Owing to the natural tendency for Ts  to increase with runninE, tine it 

will be observed in some cases that the rate of molting increases after 
some time has elapsed. Recourse to the filmed records showed that the 
stable melting shape associated with ( T w- 

) 	Tm  was destroyed when ( ;)0  

was considerably greater than Tm, and therefore when moan molting rates 

were being computed the tir,r. interval used was that over which (T 	Tm 1-  
0:dstoa, 

Assuming that the heat transferred to the melting body, under steady 
conditions, was totally absorbed by the latent heat of fusion some 
approximate heat transfer rates may be evaluated (Appendix A) . Physically 
-these correspond to the rate of heat tnInsfer into a disc of radius equal 
to the it cal nose radius of the hemisphere and are plotted against the 
radius of the flat nose in Fig. 11. Theoretical estimates of the heat 
transfer rates were obtained by considering the ideal ma -,e1 of a supersonic 
airstream impinging cn a flat disc (Appendix A), in accordance with the 
observed stable shapes. This theoretical curve was found to show some 
agreement with exp. riLent (Fig. 11). Further analysis (Appendix B) 
allowed the ( x t) time histories to be calculated and although agreement 
with experiment was limited the rate of recession dx was in good agreement, 

7T-e 

as could be expected (Figs. 12, 13). 



4.5.2. Melting with (T)0  greater than Tm 

For this condition the characteristic truncated cone or hemisphe;e 
was no longer obtained and the steady ablating shape ma paraboloidal in 
nature, the precise shape being temperature dependent for a given Mach 
number. This was expected, for with the higher stagnation temperatures 
the recovery temperature along th sides of the model increased and thus 
the melting was no longer confined to the stagnation point. 

When an approximately steady shape at melting was achieved it was 
found that the rate of recession of the stagnation point was once again 
constant. With the heat transfer rate based on the total surface area 
exposed to the heat input, some average values aekcensistent in 
evaluation to those of section 4.5.1 have been obtained. Although the 
data for (T ) 	Tm  were limited, the films suggested that for a given 

value of (T)o Tm  approximately the same shaped paraboloid tended to 

result and was independent of the initial configuration. This vas borne 
out by the reasonably constant values of 	which_ resulted. That is, for 

Ts - 512
e
K the heat transfer rate was estimated to be in the range 

4.32 < qi  < 4.56 0.11.11.M:sec. for the various initial configurations. 
These compared with a theoretical value of 4a. = 2.71 0.H.U./fe.sec. 

obtained by considering a turbulent boundary layer to exist over an 
equivalent shape of paraboloid. 

4.6. The Two Dimensional Model 

In the design of the wedge model it was necessary to have sufficient 
thickness to give mechanical strength and to achieve this without choking 
the tunnel, an asymmetrpal wedge was used. This comprised g lower half 
non-melting wedge of 12 angle on which was superimposed a 6 wedge of the 
tin-lead eutectic alloy (Fig. 1). 

The wedge was tested under stagnation point melting conditions at 
a Mach number of 1.78. Initial ablation occurred evenly on the middle 
section of the leading edge and film records (Fig. 20), show the complete 
sequence. The ablating edge remained approximately parallel to the 
leading edge for 50 seconds after ablation commenced and -:asbounded by 
the convergent lines emanating hear the tipsof the leading edge. These 
bounding lines wore at approximately 10 to the stream flow and thus 
cannot be due to the influence of Mach lines or reflecte shock waves 
discussed previously, As the wedge is effectively at 3 incidence 

A recent paper by L. Lees predicts this phenomena (.1- of. 8). 
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interaction of the leading edge with the tunnel boundary layer this 
generates a vortex. The as 	-a of contact is clearly defined, see Fig. 20, 
and in the centre of the wedge the model of ablation is in close agreement 
with the temperature contours of Fig. 9. 

Quantitatively, only the rate at which the contour of ablation 
recedes can be noted from this test. Further tests in which the transient 
interfacial temperatures are being recorded during ablation are in progress. 

5, Conclusions 

In these experiments concerned with low melting point materials it 
was found that the correct choice of model material was an essential 
requirement if consistent data was to be realised. Of the materials 
ewaminod the tin-Lead eutectic alloy was the only one found to exhibit 
uhf_form melting properties and have sufficient mechanical strength at 
the elevated temperatures to withstand the imposed aerodynamic forces. 

The mode of ablation was found to be dependent on the stagnation 
terperature. Men the surface temperature of the model (T74 was 

approximately equal to the melting tenperature Tri  the stable shape during 
inciting was a plane normal to the stream direction. For (T) 

v > Tm 
the stable shape was of a paraboloi(Ini nature. 

For (%) 	Tm the rates of heat transfer, evaluated by considering 

the heat influx to the model to be completely absorbed by the latent heat 
off' fusion, were found to decrease with increase of the radius of the flat 
ablating surface. Some agreement with an approximate theory vas found. 

For (T) pointT it was found that the rate of recession of the 
stagnation usually reached a constant value and the shape of melting 
was then steady. Under these steady conditions heat transfer rates were 
evaluated. 

These tests are of a preliminary nature and thus to obtain further 
insight of the melting process more controlled experiments at higher 
stagnations temperatures are envisaged. 
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AFFE.NDTX B 

Ablation of cones and hemispheres for which(T) T 
	 ra 

For fixed conditions, i.e. }mown constant values of Mme, pc), ao, 

r' 
(Te — Tm) etc., equation A5 may be written 

Bl 

where C is a constant for the prescribed conditions. For a Truncated Cone 
it is readily seen that equation Al becomJs 

for a particular value of the cone angle 0, x is the distance which the 
stagnation point of the melting cone has recessed. With the heat transfer 
rate based on the area of the flat ablating disc, i.e. 

A = 1T2  x2  tan2 0/2, then 

= L111. m P (bc 
dt 

B3 

gives an experimental estim.Lte of rate of heat transfer into a disc of 
area 71-2  x2  tang 0  provided dx is known. I,:xperiient has shown 

2 	 at 
(Pig. 12), that equation BI provides a good estimation of the heat 
transfer rates, therefore assuming the liquid layer is thin.then equating 
BI and B3 gives 

dx 
at m 

From Fig. 10b it is seen that 

„dx 	C 
at 	L p m 	Ix tan 0 

2 

Integration of 	gives the time history of the recession of the 
stagnation point, that is 

3 

x2 
	

2 	in m 
	 B5 

2 

This has been compared trith ereeriLunt in Fig. 13. 



TAFUJIS OF RZSITINS FORLELTInG TE6T3 

15°  Cone 	 15°  Cone 	 25°  Cone 
Zero Nose Radius 	 3/16" Lose Radius 	Zero Nose RaAins 
T5  . 485°K 	 Ts .. 432°K Ts  . 433"X 

t(secs) 	x 	 t 	x 	 t 	x  
0 0 

0 
 

2.7 0.23 1.0 	0.02 
1.5 0.05 

 
6.0 0.44 4.1 	0.03 

2.7 0.09 
 

7.8 0.48 7.4 	0.07 
4.1 0.12 

9.2 0.57 -10.5 	0.10 
5.1 0.13 

10.8 0.64 1.2.4 	0.11 7.6 0.19 

12.3 0.72 16.6 	0.16 8.9 0.24  
13.8 0.74. 19.8 	0.20 

10.25 0.23 

15.4 0.77 22.8 	0.21 
11.40 0.29 

17.0 0.79 26.1 	0.23 
12.70 0.33  

18.5 0.31 29.2 	0.25 
13.30 0.35  

21.7 0.88 32.2 	0.30 
16.40 0.40  

24.8 0.93 20.30 0.43 

28.0 0.98 20°  Cone 24.0 0.52 

31.0 10.40 
3/1S" Maze ,78...i.u.Lus 
T 	= 452 : 

27.6 0.55 

34.5 10.80 s 31.5 0.59 
t 	x 37.7 0.71 

15o Cone 	
0 	0 

 
1/16" Nose Radius 	 3.8 	0.02 
Ts 	485-1( 	 14.0 	0.035 	 25°  Cone 
t 	x 	 47.0 	0.080 	 3/16" Nose Radius 

0 	0 	 65.5 	0.120 	
Ts . 512 

 

9.7 	0.05 	 78.0 	0.165 	
t 	x 

0 	0 
15.7 	0.06 

	

0.10 	
4.0 	0.10 20°  Cone 

	

5.8 	0.03 

	

23.6 	0.045 

	

31.8 	0.08 

	

47.5 	0.12 

22.0 
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A similLr analysis for hemispherical models (Fig. 10c), shows that 
the time history of recession of the stagnation point is 

t = 
R2 L P 

M M 
[1 - (p -1)2  j dp 	 B6 

which has been integrated numerically and compared with the experimental 
values, (Fig. 14). Once again it should be noted that ri is based on 

the area of the flat ablating disc. 
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