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Abstract

The surface heat flux on a 100 mm diameter hypersonic sphere was reduced
through surface roughness on its forebody. The test model was subjected to a
hypersonic freestream of Mach 8.8 and Reynolds number 1.98 million/m, in a
shock tunnel. Forebody surface heat transfer rates measured on smooth and
rough spheres, under the same free-stream conditions, were compared. The
comparison of heat flux indicated an overall reduction in surface heating rates
on the rough model, which could be attributed to the delayed nose tip transi-
tion. The surface roughness on the forebody of the model generated miniature
cavities. Stability of the free shear layer over the miniature cavities and en-
trapment of the destabilizing vortices in the cavities, make the flow over the
rough test model more stable than the attached boundary layer over the
smooth model, under transitional conditions.
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1. Introduction

Hypersonic reentry vehicles have large forebody bluntness to shield from high
aerodynamic heating. The large bluntness at hypersonic Mach numbers gene-
rates strong bow shock waves due to which the shock layers will have strong en-
tropy layers, which are a region of strong vorticity [1]. Strong entropy layers
destabilize the boundary layers, making them susceptible to even small perturba-

tions in the free stream [2]. The entropy layers of reasonable thickness have been

*Part of this paper was presented at 14th International Conference on Fluid Dynamics (ICFD14) in
Sendai, Japan, 1-3 Nov. 2017.
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found useful in delaying transition on hypersonic slender blunt cones, where the
nose bluntness was moderate [3] [4]. But, a large nose bluntness, which is re-
quired for thermal survival of reentry capsules, was found counterproductive as
far as transition control was concerned, which was labelled “blunt nose paradox”
in literature [1]. The large nose bluntness promoted transition prematurely, de-
spite having a strong favourable pressure gradient around the nose region.

A patch of large roughness, which is of the order of boundary layer thickness
on a surface can give rise to a cavity effect, which when subjected to a moderate
flow speed can delay transition by virtue of vortex entrapment and persistence in
the cavities [5] [6]. The surface with large roughness is physically similar to a
wavy surface, which was found effective in suppressing high-frequency instabili-
ties in high-speed flows [7] [8] [9], which delayed transition. The free shear layer
due to multiple, short separations over the miniature cavities was found more
stable when compared to the attached boundary layer under transition [8] [10].
The multiple, short separations could generate stable separation bubbles in the
cavities, which aided the stability of the free shear layer. These stable separation
bubbles also damped the acoustic resonances, preventing the growth of instabili-
ties downstream. The shock layer of a hypersonic blunt body could have a large
subsonic pocket when the bluntness is large, and the flow speed within the shock
layer could be considered moderate. A rough surface in such a flow could delay
the boundary layer transition owing to the conditions and reasons stated above.

Reentry vehicles require Thermal Protection Systems (TPS) in addition to a
natural heat shield like forebody bluntness, to withstand aerodynamic heating.
The thermal protection systems can be classified as active, passive and ablative
depending upon their mode of function [11]. An ablative TPS, such as Phenolic
Impregnated Carbon Ablator (PICA) and Super Lightweight Ablator (SLA),
which is a thin, temperature-sensitive coating on the forebody of the vehicle, is
regarded very effective for reentry missions [12] [13] [14]. The ablative TPS
evaporates on absorbing heat from the shock layer, leaving behind a roughness
on the coated surface [15].

The present study had an objective of investigating the effect of such a surface
roughness on the aerothermodynamics of the vehicle. After completing similar
investigations on a large angled blunt cone [16], we continued the research on a
large sphere (large w.r.t. tunnel test section). Roughness elements to be placed
on the model surface were chosen to match their height with the order of the
boundary layer thickness, as the roughness of the order of the boundary layer
thickness was the most effective in delaying the nose-tip transition [16]. The
present phase of investigation comprised surface heat flux measurements on the
forebody of the model and the visualization of its flow field, in a hypersonic
shock tunnel of Mach 8.8. Heat flux was measured using E-type coaxial thermo-
couples [17] and the flow visualization was accomplished using a high-speed
video camera, aligned with a standard shadowgraph. The study revealed reduc-

tion in surface heat flux over a substantial portion of the forebody of the rough
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model, when compared to the smooth model (baseline).

2. Experimental Method
2.1. The Shock Tunnel

The experiments were performed in the IIT Bombay Shock Tunnel (IITB-ST)
[18], with the freestream conditions presented in Table 1. IITB-ST is a standard
shock tunnel, operating in the reflected-shock mode. The tunnel can accommo-
date models of (up to) 100 mm diameter/width in its test section (dimensions:
300 x 300 x 450 mm) without blockage. A planar shock wave, generated by
bursting a metallic diaphragm in the shock tube, is used to compress and heat
the test gas, twice, to obtain a momentary reservoir of high-enthalpy test gas at
the entry to a conical, hypersonic nozzle. The nozzle expands the shocked test
gas to a hypersonic freestream of Mach 8.8 + 2.5% in the test section. A sche-
matic of the IITB-ST is shown in Figure 1.The shock tube pressure trace nearest
to the nozzle (P;), and the time-history of the total pressure ratio (P,,/P,) at the
test location are presented in Figure 2. The steady part of the P, pressure trace
indicates the available test time, while the useful test time is indicated by the sta-

ble region of the P ,/P,trace.

2.2. Test Model and Instrumentation

The test model was a sphere of 100 mm diameter as shown in Figure 3. The fo-
rebody of the sphere was roughened by sticking graded grits. Special care was
taken to ensure uniformity in the roughness distribution. The average height of
the roughness was 1.4 mm + 15%, which was of the order of the boundary layer
thickness (average) on the forebody, estimated in a separate investigation [19].
Seven E-type, co-axial thermocouples were flush-mounted in the surface of the
test model along an outward ray from the stagnation point. The arrangement of
thermocouples in the model is shown in Figure 3. The thermocouples were fa-
bricated and calibrated in-house [18], which had a sensitivity of 63.6 £ 1.2 uV/°C
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Figure 1. A schematic of the hypersonic shock tunnel, II'TB-ST.
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Table 1. Freestream conditions in IITB-ST for the present set of experiments.

Mach no. P. (Pa) T.. (K) H, (MJ/kg) Re/m (x10°)
8.8+0.2 112£5 65+2 1.12+04 1.98 £ 0.02
3
S|teady reservoir pressure
2
E 1 ‘ \\
= T —
=1 e
B N
0
1
(a) 0.000 0.001 0.002 0.003 0.004
Time (s)
0.015
A Flow establishment time
0.010
. [Useful test time
&; 0.005 % e e s
0.000 JJJJ M
1
(b) 0.000 0.001 0.002 0.003 0.004
Time (s)

Figure 2. Pressure-time history in the nozzle reservoir (a) and at the test location (b).
PCB-Piezotronics (USA) pressure transducers, models 102A and 102A08 were used for
(a) & (b), respectively.

Smooth model

Rough model

. Zone-1 (Subsonic low-speed)
Zone-2 (Subsonic compressible)

. Zone-3 (Transonic and above)

Thermocouples are marked red and numbered 1-7

Figure 3. The test model.
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and an effective thermal product range of 5857 - 12,306 Jm >K"-s™"%. The ther-
mocouples were instrumented with INA128 instrumentation amplifiers with a
gain factor of 500 and a peak operating frequency of 40 kHz. In the rough sur-
face, the sensing junctions of the thermocouples were at half the roughness
height from the model surface. The sensor placement in the rough model is pre-
sented in Figure 4. This arrangement was expected to capture the effect of mi-
niature cavities in the surface. The smooth model (without grits) was the base-
line of the investigation.

The shock tunnel is equipped with an 8-inch Z-type Schlieren system [20] for
visualization of the flow fields over test models. The major components of the
Schlieren system are the 8-inch parabolic mirrors, a continuous light source of
150 Watt (LS-150, xenon-short-arc lamp, Abet Technologies, USA) and a
charge-coupled-device video camera (Phantom v710-1113, Vision Research Inc.,
USA). The flow visualization over the sphere was carried out with a sampling
rate and a spatial resolution of 13 kilo frames per second and 608 x 800 pixels,
respectively. The camera was triggered externally using an amplified output of
the shock tube pressure transducer on the arrival of the incident shock wave.
The Phantom camera used a variable focal length lens of Nikon make (AF Nik-
kor 80 - 200 mm F/2.8D ED, Japan). The Schlieren was used in the shadowgraph
mode for the present investigation.

The output of the sensors in the test model was acquired on a data acquisition
system, equipped with NI-PCI-6115 S series data cards (National Instruments
Corporation, USA), at a sampling rate of 1 MS/s. The acquired signals were
post-processed using a 4™ order IIR low-pass filter (cut-off frequency of 10 kHz)

to eliminate the high-frequency spurious noise.

2.3. Thermocouple Data Reduction Methodology

The surface heat-flux was reduced from the acquired temperature-time history

signals of the flush mounted thermocouples based on the methodology proposed

Flow direction
—_
_—

Shock layer

Boundary layer

V|

Model surface
Roughness element

height (h) \

(a) (b)

Figure 4. Sensor placement in the rough test model for heat flux measurement. (a) Pho-
tograph of the model forebody with the sensors; (b) A schematic indicating the level of
the sensor w.r.t. the roughness element.

DOI: 10.4236/jfcmv.2018.63011 129 Journal of Flow Control, Measurement & Visualization


https://doi.org/10.4236/jfcmv.2018.63011

K. J. Irimpan et al.

by Cook & Felderman, which is on the assumption of 1-D heat conduction in a
semi-infinite slab [21]. A 1-D heat conduction model [22], represented by Equa-
tion (1), was used to obtain such an unsteady heat flux into the sensing junction
of the thermocouple.

(1)

B E(t)+%,IE t)—E(r)dT W

_ (
ra| Vi (t-7)”

Equation (1) was numerically processed using a piece-wise linear function for

E(7), as expressed in Equation (2).

P(r)= o)+ 2Py o

where, ¢, <7<t andi=1,2,3, .-, n. The Equation (2) was substituted into

Equation (1) and was integrated to obtain the following expression:

+"i E(t,)-E(4) E(t,)-E(4,) ) E(t)-E(4,) E(t,)—E(t,)

0=~

T

i=1 \/ tn - tz' V tn - tifl " V tn - ti + V tn - tifl " \/E (3)

Equation (3) was programmed to obtain the heat flux-time histories from the
temperature-time histories of the thermocouples. The heat flux signals were

time-averaged over the useful test time of the shock tunnel for reading.

3. Results and Discussion

Figure 5 presents representative heat flux signals on the forebody of the sphere,
in the three zones (as marked in Figure 3). The signals are of smooth and rough
surfaces for the same freestream conditions. The zone-1 had a low-speed (sub-
sonic) flow, zone-2: compressible-subsonic flow, and zone-3: transonic and su-
personic flows. The heat flux at each thermocouple location was normalized
w.r.t. the stagnation point heat flux for that particular shot, and was plotted
w.r.t. the non-dimensional wetted length along the model surface, as in Figure 6.

The normalizing stagnation point heat fluxes were 20.1 and 19.8 W/cm® for the
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Figure 5. Heatflux-time history in different zones of the model forebody.
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Figure 6. Heatflux distribution on the sphere, along an outward ray on the forebody.

smooth and the rough models, respectively. The measured heat-flux distribution
over the smooth sphere indicated a transitional trend as seen in the plot in Fig-
ure 6. A considerable reduction in heat flux was observed in zone-2, on a rough
surface, where the trend of distribution was leaning towards laminar. An analyt-
ical, laminar calculation of the heat flux based on Lester Lees formulation [23]
for the smooth sphere is included in Figure 6. A comparison between the expe-
rimental and the analytical heat flux distributions confirms the tendency of the
rough surface to delay the transition in zone-2. An overall reduction of 16% in
the forebody surface heat flux was observed on the rough sphere when compared
to the smooth. The zone-2 is subsonic-compressible in nature and the rough
surface appears to have reacted to this feature favourably. Delay in transition
brought about by the surface roughness is the reason for the reduced heat flux in
zone-2 [6]. The visualized flow field images of the models are presented in Fig-
ure 7. The images show unsteadiness in the flow field of the smooth sphere
while it is damped in the flow field of the rough sphere (around zones 1 & 2).
The flow field images corroborate the observed trends of the measured heat flux
distribution.

The large-scale roughness generated a multiple-cavity effect on the forebody
of the sphere. Under moderate velocities, such as in zone-2, the roughness cavi-
ties could engulf the destabilizing entropy layer in the form of trapped large ed-
dies thereby damping the associated instabilities. The destabilizing factor of the
entropy layer was isolated, damped and confined to these cavities till the vortices
started shedding, and the separated shear layer over the cavities was more stable
than its transitional, attached counterpart [7]; hence, the transition was delayed.
The destabilization was expected to appear once the vortices started shedding
from the cavities due to high speed of the flow, which is lightly visible in Figure
6 (zone-3). Figure 8 depicts the above description of multiple-cavity effect and

vortex dynamics.
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(a) Smooth

Instability

-

Figure 7. Visualized flow-fields of the smooth (a) and rough (b) spheres.

Flow direction

Flow direction - 5
Large-scale eddies

— Boundary layer

Waviness
Stationary vortex

(a) Wavy surface (b) Rough surface in zone-2

Flow dircction
R —

Large-scale eddies —
Boundary layer

(c) Rough surface in zone-3 (vortex shedding)

Figure 8. Illustration of the multiple-cavity effect and vortex dynamics over a rough sur-
face.

The results presented in Figure 6 encourage the use of surface roughness to
delay transition and alleviate the transition-linked detriments, such as skin fric-
tion and heat transfer. The study indicates that the remnants of ablative TPS that
create a surface roughness may not be detrimental to reentry capsules. The study
also revealed that the roughness height, which is of the order of the boundary
layer thickness on a surface, is suited to delay the transition.

4. Concluding Remarks

Effect of surface roughness on wall heating rates of a 100 mm diameter sphere

was investigated in a hypersonic freestream of Mach 8.8. The roughness on the
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forebody of the sphere was found to reduce surface heat flux in a zone with

moderate flow velocity. The reason could be attributed to vortex persistence in

the roughness cavities and delayed-transition. Qualitative flow visualization on

the models corroborated the measured heat flux data. The study has relevance to

ablative Thermal Protection Systems (TPS) of reentry capsules.
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Nomenclature

E(t): time dependent voltage
H,: total enthalpy

P,: reservoir pressure

P,: pitot pressure

P_.: static pressure

Q(t): unsteady heat flux

R,: base radius

Re: Reynolds number

S: wetted length

T,,: static temperature

t: time

w.r.t.: with respect to

a: thermocouple sensitivity
p: effective thermal product

7. time variable
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