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The hypersonic long-run scramjet test tunnel is one of the key ground facilities for the studies of ramjet/scramjet and hyper-
sonic thermal management. Due to the significantly large heat loading, the nozzle of the tunnel facility demands effective
cooling protection. In this work, the two-dimensional, three-dimensional and axisymmetric Mach 6.5 nozzles at an inlet total
temperature of 1840 K and a total pressure of 6.4 MPa were studied with main focuses on the properties of aerodynamic heat-
ing of nozzles. The present work aims to provide insights into the design of an effective cooling system for the nozzle and oth-

er components of the hypersonic long-run wind tunnel.
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1 Introduction

The hypersonic tunnel facilities have been widely used for
researches of aerodynamic and propulsive performances of
hypersonic vehicles as well as thermal management [1-3].
There are many literatures [4—8] focusing on the heat trans-
fer performance of the facilities. Nozzle is the key element
of tunnel system to generate hypersonic flow with desirable
qualities. For hypersonic long-run tunnel facility, thermal
protection of nozzle is critical since total temperature and
total pressure upstream of the nozzle is relatively large and
heat flux at the nozzle throat is very high [9-14]. Therefore,
study of distribution of wall heat flux and heat transfer co-
efficient is very important for cooling design and optimiza-
tion of nozzle.

Quentmeyer and Roncace [9] conducted an experimental
investigation to determine hot-gas-side heat transfer char-
acteristics for a rocket nozzle apparatus. Heat flux and tem-
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perature profiles along the flow direction were obtained and
a wall heat flux peak was observed at the nozzle throat.
Kubota et al. [10] studied convective heat transfer of plug
nozzle and developed a thermal analysis tool for design and
optimization of nozzle cooling. Tomioka et al. [11-14] de-
scribed a blow-down type, semi-free-jet, high enthalpy wind
tunnel facility of JAXA-KSPC (Ramjet Engine Test Facility,
i.e. RITF). The RJTF facility can simulate flight conditions
of Mach 4, 6, and 8 for ramjet and scramjet applications. As
the papers claimed, nozzle is one of the key elements of the
facility and nozzle cooling is one of the most critical de-
signs.

Although there are some basic researches on heat transfer
properties of nozzle, detailed study on heat transfer of hy-
personic nozzle is quiet limited. It is known that the same
outlet flow condition can be obtained with varied nozzle
configurations such as two-dimensional, three-dimensional
and axisymmetric nozzle as illustrated in Figures 1(a)—(c).
For two-dimensional nozzle, the area of cross section is
changed only by the nozzle height and the width of nozzle
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is kept the same. Therefore, the height of the nozzle throat
is usually very small (the height of two-dimensional nozzle
throat may be a few millimeters). For three-dimensional
nozzle, all the nozzle faces are changed equally to obtain
the desired cross section and the size of the throat is signif-
icantly larger than that of the two-dimensional nozzle with
the same inlet flow conditions and the same outlet size as
shown in Figures 1(a) and (b). Axisymmetric nozzle is sim-
ilar to the three-dimensional nozzle with a significantly
large throat compared to the two-dimensional nozzle.

Table 1 summarizes major features of the three types of
nozzles when the inlet flow condition (Py=6.4 MPa,
Ty=1840 K) and the outlet area (A,=0.1089 mz) and the flow
Mach number (Ma=6.5) are kept the same. Details of the
nozzle design, especially the shape of divergent section to
diminish the effect of shock reflection on the main flow can
be found in our previous work [10]. It is expected that due
to varied nozzle configurations, flow and heat transfer
properties of the three nozzles should be pretty different.

In the present paper, numerical simulations of flow and
convective heat transfer of nozzles with varied configura-
tions are conducted. The heat flux peaks at the nozzle throat
are obtained and compared for the two-dimensional and
three-dimensional nozzles.

2 Numerical method and boundary conditions

Navier-Stokes equations of compressible flow are solved
with finite volume method of which, the convective term is

(©

Figure 1 Sketch-up of three nozzles. (a) Two-dimensional nozzle; (b)
three-dimensional nozzle; (c) axisymmetric nozzle.

Table 1 Comparison of the main properties of the three types of nozzles

Two-dimensional Three-dimensional ~ Axisymmetric

Item

nozzle nozzle nozzle
Throat size Small (2.82 mm Large Medium
%330 mm) (31 mmx31 mm) (d=30.5 mm)
Manufacture Easy Difficult Easy
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calculated the AUSM flux-splitting with the 2nd-order up-
wind scheme and the viscous terms are approximated by the
2nd-order central differencing scheme. The implicit Gauss-
Seidel iteration algorithm is used to handle the time advance
of Navier-Stokes equations. Since the nozzle flow is fully
turbulent, the SST k-w model is applied to simulate turbu-
lence.

As shown in Figure 2, a quarter of the three nozzles are
used as the computational domain due to symmetry of the
nozzle flow. The inlet flow conditions are set as follows:
The total pressure is 6.4 MPa, the total temperature is 1840
K and the mass flow rate is 5.3 kg/m®. The no slip and no
penetration boundary with a constant temperature of 600 K
are used for the nozzle wall. Symmetrical condition is ap-
plied at the centerlines of the nozzle and the non-reflection
boundary is for the nozzle outlet.

2.1 Grid independence

A grid-independence study has been carried out for the val-
idation of numerical method. Two meshes for the two-
dimensional nozzle as described in Figure 1(a) are given in
Table 2, where N, is the grid number in the main flow direc-
tion, and N, is the grid number in the vertical direction.
AFpax!/ Armin 1 the ratio of the maximum to the minimum cell
sizes and y.. is the first grid spacing from the wall nor-

malized by the wall unit. For accurate simulation of turbu-
lent heat transfer, y.. should always be kept to be small

to resolve small scales of turbulent boundary layer. It is
worthy noticing that the stretching of grid near the wall
needs sophisticated adjustments since the nozzle size de-
creases remarkably when approaching the throat.

Figure 3 presents distributions of the wall heat flux (the
nozzle wall temperature is fixed as 600 K) along the flow
direction obtained with the three meshes. It is clearly seen
that wall heat flux calculated with the three meshes are
close to each other except in the region near the nozzle
throat. As shown in the zoom-in of the figure in the vicinity
of throat, heat flux results of mesh 1 and 2 agree quite well
with each other. However, result of mesh 3 shows os-

Figure 2 Computational domain for a three-dimensional nozzle.
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Table 2 Mesh parameters

Mesh N, N, Ao N
es x v Ar,. Yuin
1 520 140 1509 1.6
520 120 811 4.5
3 520 120 405 10.2
E_ 0.03 J
=
=
< |
< —— Mesh01
- — Mesh02
—-— Mesh03 T

Figure 3 Distributions of wall heat flux along the flow direction with
three meshes.
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Figure 4 Comparison of distribution of heat transfer coefficient by CFD
and experiment.

cillations due to relatively coarse meshes near the nozzle
throat. Therefore, for the present numerical study, mesh
similar to the size of mesh 2 is applied.

2.2 Comparison with experimental heat transfer data

The accuracy of present numerical method is further exam-
ined by comparing the calculated heat transfer coefficient
with the experimental data of Quentmeyer and Roncace [9].
The test was conducted using liquid oxygen and gaseous
hydrogen as the propellants over a mixture ratio of 6 at a
nominal chamber pressure of 4.14 MPa. Figure 4 plots the
comparison of heat transfer coefficient as defined as

h= 4 , where g, is the heat flux on the wall, T, is the

r w
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recovery temperature and T, is the wall temperature. It is
found that heat transfer coefficient obtained by the present
calculation agrees well with the experimental data in overall
with a maximum discrepancy of 27.8%.

3 Results and discussion

3.1 Results of Mach number distribution

Figures 5(a)—(c) shows the Mach number contours for the
three nozzles. The outlet Mach numbers reach 6.5 for varied
nozzles. There exists a boundary layer downstream of the
nozzle throat, which decreases the effective area for the
desired hypersonic flow. It is found the velocity boundary
layers of the two-dimensional nozzle and three-dimensional
nozzle are slightly thicker compared to that of the axisym-
metric nozzle. The Mach number contours in the outlet
cross section are plotted in Figures 6(a)—(b) for the
two-dimensional nozzle and three-dimensional nozzle. Note
that outlet is one-dimensional for the axisymmetric nozzle.
One can see that the three-dimensional nozzle can get a
more uniform and more effective Mach number distribution
on the outlet cross section. The effective flow area can be
calculated based on the national standard for wind tunnel.
Detailed information about the effective flow area ratios,
which is the ratio of the effective flow area to the outlet
flow area, are listed in Table 3. One can see that the ax-
isymmetric nozzle gets more effective flow area because of
the relatively thinner boundary layer at the outlet.

3.2 Total temperature distributions

Figure 7 shows the total temperature distributions with three
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Figure 5 (Color online) Distributions of Mach number of the three noz-
zles. (a) Two-dimensional nozzle; (b) three-dimensional nozzle; (c) ax-
isymmetric nozzle.
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Figure 6 (Color online) Distributions of Mach number in the outlet cross
section. (a) Two-dimensional nozzle; (b) three-dimensional nozzle.

Table 3 Effective flow area

i Two-dimensional Three-dimensional ~ Axisymmetric
A, nozzle nozzle nozzle
56.7% 67.8% 78.2%
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Figure 7 (Color online) Distributions of total temperature of the three
nozzles. (a) Two-dimensional nozzle; (b) three-dimensional nozzle; (c)
axisymmetric nozzle.

different nozzles. Similar to results of velocity boundary
layer, the temperature boundary layer of the two-dimen-
sional nozzle is the thickest. The total temperature contours
in the outlet cross section are plotted in Figures 8(a)—(b) for
the two-dimensional nozzle and the three-dimensional noz-
zle. One can see that the three-dimensional nozzle and the
axisymmetric nozzle could provide a better temperature
profile at the nozzle outlet.

3.3 The heat flux distribution on the wall

Figure 9(a) shows the distribution of wall heat flux along
lines @ and b (as indicated in Figure 1) for the
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two-dimensional nozzle. It is found that the change of wall
heat flux on both the sidewall and the main curved wall has
a similar tendency. However, heat flux on the main wall is
much higher than that on the side wall at the nozzle throat.
For three-dimensional nozzle as shown in Figure 9(b), dis-
tributions of wall heat flux along line a and line b are ob-
served to be nearly the same since the four walls of the
three-dimensional nozzle change equally to obtain a desira-
ble shape of the nozzle.

Because outlet areas of different nozzles are the same,
the throat size of three-dimensional nozzle is the largest
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Figure 8 (Color online) Distributions of total temperature in the outlet
cross section. (a) Two-dimensional nozzle; (b) three-dimensional nozzle.
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Figure 9 The heat flux on the wall with two-dimensional and three-
dimensional nozzles. (a) Two-dimensional nozzle; (b) three-dimensional
nozzle.
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one. For two-dimensional nozzle, the height of nozzle is
very small because the area of the cross section is changed
only by the nozzle height. Figure 10 compares the heat flux
distributions on the line b as indicated in Figure 1 for dif-
ferent nozzles. In the convergent part of the nozzle, the wall
heat flux of the two-dimensional nozzle gives the lowest
value. However, as approaching the nozzle throat, the wall
heat flux of two-dimensional nozzle presents the maximum
value of approximately 18 W/m?, 45% higher than the value
of the other two nozzles. It indicates that the heat loading at
the throat of two-dimensional nozzle is most serious; there-
fore the cooling design is most critical. Downstream of the
throat, the wall heat flux for the three nozzles all decreases
rapidly and reaches as low as 0.05 W/m” at a location with a
distance of only 400 mm apart from the throat. Therefore,
heat flux on a nozzle wall is remarkably non-uniform and
the region in the vicinity of the throat should be protected
with a highly efficient cooling system with careful design.
Figure 11 compares the heat transfer coefficients on line b
for different nozzles. Similar results are obtained compared
to heat flux.

T T T T T T
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--------- Three-dimensional nozzle -
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Figure 10 The heat flux distributions along the nozzle line b with differ-
ent nozzles.
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Figure 11 The heat transfer coefficients along the nozzle line b with
different nozzles.

Sci China Tech Sci

March (2015) Vol.58 No.3

3.4 The heat flux distribution at the throat

Here, one also should notice the heat flux distribution in the
spanwise direction (z direction as shown in Figure 2) at the
throat for the two-dimensional and the three dimensional
nozzles.

It is quite necessary to study the distribution of heat flux
along the circumference of the nozzle wall at the throat
point. Figure 12 give the heat flux along the z and the y di-
rections for the two-dimensional nozzle. It is found that wall
heat is quite uniform in the center region of the nozzle wall
and only decrease in the corner region. For the three-
dimensional nozzle as shown in Figure 13, the heat flux
decreases towards the corner for both the upper and the side
walls. For both nozzles, the centerlines get the highest wall
heat flux and there is no local heat flux peak near the cor-
ners.

4 Conclusion

The aerodynamic heating of nozzle for hypersonic long-run
scramjet test tunnel is investigated in the present paper. The
heat flux distributions are discussed for the two-dimensional,
three-dimensional and axisymmetric nozzles. Two-dimen-
sional nozzle gets the highest heat flux because of the minor
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Figure 12 The heat flux distribution on the upper and side walls for the
two-dimensional nozzle. (a) On the upper wall (x=0); (b) on the side wall
(x=0).
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Figure 13 The heat flux distribution on the throat for the three-dimen-
sional nozzle.

nozzle height at the throat. The heat transfer performance at
the throat for two-dimensional, three-dimensional nozzle is
also mentioned for the non-axial nozzle shape. There is no
local heat peak caused by the corner. The three-dimensional
and axisynmetric nozzles could obtain a lower heat flux at
the throat. The heat flux distributions at the throat have also
been discussed in the present paper.
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