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Abstract

The effect of heat transfer on compressible axi-syetric laminar boundary
layer flow near the stagnation region of a blunt g in the presence of magnetic field
has been considered for Mach number five and aboVée governing first order
boundary layer equations are derived by an ordemedgnitude analysis in which only
0(1) is retained and transformed to body-orientedocdinates. The Dorodnitsyn -
Stewartsonsimilarity transformations are utilizedot transform the resulting
dimensionless partial differential equations to cplked non-linear ordinary
differential equation. Solutions were obtained uginthe perturbation method of
solution and the effects of the resulting parametenn the velocity and temperature
profiles are shown graphically. The skin frictionral heat transfer effects are also
shown and discussed.
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Nomenclature:

u = velocity component in the s — direction
v = velocity component in the n — direction
ts = coordinate along the body

n = coordinate normal to the body

M,, = free stream mach number

By = magnetic flux

V,, = free stream velocity

Re. = Reynolds number

p = pressure

h = enthalpy

Kt = thermal conductivity

T, = free stream temperature

1.0 Introduction

M., = magnetic mach number

Pr = Prandtl number

R, = magnetic Reynolds number

k = longitudinal curvature parameter
p = density

o = electrical conductivity

/S = pressure gradient

« = dynamic viscosity

7 = shear stress

y = specific heat ratio

gw = surface temperature parameter

The computation of the hypersonic (Ma > 5) lamibaundary layer flow over axi-symmetric blunt bodieshe presence of
magnetic field has been a topic of scientific resleaince late 1950's when it was first investigaite the study of applied
magnetic fields on re-entry vehicles [1,2]. Hypeaiisoflow study is complicated due to the physicahditions involved,
such as, high temperature chemically reacting, shivck layer. The flow is characterized by highesheavhich is slowed by
the viscous effects within the boundary layer, st kinetic energy which is transformed into kinetnergy.

These extreme viscous effects can create verythigperature high enough that dissociation of gesstalace. To alleviate
this problem of aerodynamic heating, it become®ssary that the leading edge of the vehicle bécsaritly blunt in order
to reduce the heat transfer rate. This theory eftibat transfer rates at the stagnation pointtsneled to the region away
from the stagnation point in[3].

Lees [4] early in literature considered the lamihaat transfer over blunt-nosed hypersonic fligigesl while the theory of
stagnation point heat transfer in dissociated ais aiso investigated [5]. Crabtree et al [6] exa&ulia system of predicting
heat transfer to blunt-nosed bodies throughouhfpersonic speed range for boundary layers. Theoesgible axially
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symmetric laminar boundary layer flow in the stagmaregion of a blunt body was also examined ia firesence of
magnetic field[7]. Also the effect of heat transber steady laminar boundary layer flow of a viscoompressible fluid was
considered for flow past a horizontal circular oglier[8].

Recently Nozaki[9], conducted a research on theiatah of skin friction and heat transfer over génssonic cruising
vehicles by mass injection and most recently a gérieeynolds analogy on the relation between skigtion and heat
transfer along windward sides of blunt nosed borttigs/personic flows was analysed [10].

In this paper, an attempt is made to investigageeffect of heat transfer on steady laminar bountigrer flow of a viscous
compressible fluid past an axi-symmetric blunt badythe presence of magnetic fields. Due to hypeoity of the
hypersonic flow, secondary effects are expectetbtoe into play. Hence an order of magnitude amaligsutilized to 0(1)
boundary layer equations which are considered,ectigh the Of) equations[11]. The computation of the problem is
achieved using the perturbation method of solutibough earlier investigators had applied other enical methods.

2.0 Mathematical Analysis

The problem is steady, laminar, two-dimensionalmpressible, viscous boundary layer flow over an-syxnmetric,
impermeable blunt body. The fluid is treated asoatiouum and is assumed to be a perfect gas, hdmceffects of
dissociation and diffusion are neglected. It ic&leally conducting and conductivity,

o << 1. The effect of magnetic Reynolds number ialsas is applicable in aerospace applications[IBg flow being over
axi-symmetric blunt bodies, the two-dimensional ljjeon, with x along the surface and y normal to theface is

transformed to body oriented coordinates s andspeatively, where the velocity vectyf = (u , V) as shown in figure 1,
[11].

Figure 1: A body oriented coordinate system
Utilizing the transformation scale factol; = 1+kn, h, =1, hw =r", a general continuum model under the

magnetogasdynamics approximation, in axi-symmeggometry, with the magnetic field assumed to oatgnfrom the
magnetized body are,[11]and [13]. Only the nornemhponent of the magnetic field is significant as tloundary layer.
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Where 1 =1, + ncosd
With the no-slip continuum flow boundary conditi¢h4]:
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At n=0, u=v=p=o0, T=T,
(6)

As u=V,_,, v=p=o, T=Tw}
Following the non-dimensional variable of and ailsioducing the boundary layer scaling;=U, V=&V andnN =£&N

of[11] the dimensionless boundary layer equations abtained as (retaining only terms of 0(1) and))O(
Type equation here.

n - oo

i rv(vjlp 1+mCO§ +i rv\j’lp/ 1+w =0 (7)
0s M on w
du_ 1 op, a(ﬂ%j—&zlﬂfg 2k+acos€@
dt M2 ds  anl’ on M M on
_kn oP ou 0
n—-v|- k— 8
M5 3 kw( s j 6n(ﬂu)} (®)
0
Do M2 par ©
on
2
Ml % B -
dt oy dt on) M2
+ ii[,ua-rjhs knv pa—T y=19p
Pron{" 0 Js y 0s
o T [y TO0F 0T o w2 kg (10)
Pr My on
and p=p0T (11)
whereg = \/;_e and ddt = u% + v% for steady flow.
The Reynolds number is large in the region neabtdy surface (boundary layer).

The perturbation scheme of[15] is employed wath= as the perturbation parameter, and with the imsgmptotic

1
VvRe
expansion. That i$J(S, n, 6) ~ Ul(S, ﬁ) +£Eu, (S,ﬁ) to obtain the first order boundary layer equatiortse second order

equations are neglected since interest is not conslary effects.
The asymptotic expansions with

,U(T) = :u(tl) + glul(tl)tZ o
yield the boundary layer first order equations:
0 0
ol pw) (7 pw) =0 (12)
ou, ou, 1 dp, 0 ( aulj R,

Uy—+Vv,—| = — — + — — | - u 13
'01(165 10nj M2 0s  an M an M2 43)
op,

— = 14
an (14)
ot ot y-1( 0op ap1j

u—+v,— | = u V.

'01( ' 0s 16nj y ( Y9s  'on
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ou, R, > 10 ot,
1 +—U, | + —— — 15
+ (y-m {ﬂl(anj i 1} Pran(ulanj (15)
=4 (16)
With boundary conditions
u, (s,0) = V,;(s,0)=0, tl(:s,o):_-lr-—W
’ 1 a7
U (s,») =t (s,0)= p,(s,0) =1, p, :m
Smce% = 0 the momentum and energy equations become:
n
ou, ou, 1 dp, 0 ( aulj R,
—+V,— | = - — + — — - — 18
'Ol(ul s 1 anj M2 ds  on M on M;ul (18)
and
o, o) _ (v-1) 1) dp, (0w | R,
uy—+v,— -1)M — | +—u
'01(165 1anj y % s =Mz on M2
10 ot
+ - -1 19
Pr on ('ul 6nj (19)

3.0  Solution of Boundary Layer Equations
The system of steady laminar boundary layer equsitere coupled, non-linear partial differential @&ipns. The energy
equation is simplified by introducing enthalpy,

1
h+ =u?
n, = 2
so thatt = — becomes
Co
t:tho—MMiuz (20)

2
where X, = l+yT_1M°2°

Then with the similarity transformation variable@érodnitsyn and Stewartson [11[:

E(s) = js( ), 12 ds 21)
n(s,n) = Evglto)ege —dn (22)
We have(;—{ = (o) r2e
on _ 1, P
on - (26)"
0 _ I, p, 0

on  (26)2 on
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ds  0s 0 9s on

For similarity of solutions we have

u _ .,
U= e @
L 2

Where f and g are depend onlywpand hoe is a constant.
Now with the compressible flow stream function

0¢ - 9 _
— = -, y — =T, 25
3e w N Py P (25)
We have u=uf"= Y 99
(2¢)2 n
The subscript e is for the boundary layer edge.Bthendary layer equations become
1
ﬂf" +ff"+2_§(d_ue &_f@ _&Zf':o (26)
pelue ue dg P Mm
X.h, (g} + Prx, h, fg' = @=Pr)(y-MZ (ouf " ") = 0 (27)
We use
_ 1 2 _ 1 2 g12
g_l_&_ho U Ut o8
l T h, 1, 1.,
e -—u -—u
hoe 2 e hoe 2 e
and the pressure gradient parameter is
u, dé T,
For similarity ~ p = constant (30)
and P = c(y) (31)
Poe
C is the Chapman-Rubesin constant and is assuniesldaconstant.
If u~T then C = 1.
Also
Toe - he
_ 2
Te hoe %ue
= 1+ Lwe 2
Employing the above simplifications equations (264 (27) become:
fm_l_ff"_l_ﬁ(g_flz)_%flzo (33)
and g"+Prfg - A(L-Pr)(ff")' =0 (34)
_ 2
where A = —(y 1_)2_/'“’
1+Y°= M 2
2
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The corresponding boundary conditions are:
f(0) = f, = constanand f'(0) =0, f'(») =1
(35)
g(0) = g,, =constanbr g'(0) =0 , g(») =1
For the existence of similar solutions for hypeisditow, it is assumed thad =2 asM_ — o, Pr£1 andp is a
constant [16].

Since the interaction parameteRli2 << 1 for most aerodynamic flow% which is 0(&), it is taken as the perturbation

parameter in this problem. Thus employing the pbetion method of solution, we seek the asymptetiges solution of

[17]:
fn)= f, + &) +..

9(7) = g, + &g (7) + ..
which satisfies the boundary conditions (35) areldg a set of linear differential equations whick solved to obtain the
results

(36)

g(r)=1- (1-g,)e ™" (37)

and

- fu7 -~ fu7
f(7)= fw-fi+/7+ef +ﬂ(1-gw){c(fi—i+e j

2
w w w fw

(38)

) e ful? e fw Pr 1

Prl-Pr)f3  PP@-Pr)f: Prf2
where C = 3.4 is constant[11].
The skin friction and the rate of heat transfathatsurface of the body is determined from theticaia

T, = (,ua—uj and q, =— K(O—Tj
" on ), " on ),
Normalization yields
r=Lop
w \/g w
__([-gJg _
and qW - \/Z_S—Prgw -

Hence the skin friction coefficient is

2
C. = — " 39
f {\/ Res) v (39)

and the Stanton No

g1
St= 22 (40)
2Res

4.0 Results and Discussion
The study presents an analytical model of heatsfesiron hypersonic flow over blunt bodies in thegemce of magnetic
field. The analysis is carried out for a hot waithnsurface temperature parametgr d., of Mach number 5. Pr = 0.72 for

varying pressure gradient parame@g 5 < 30.
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Fig 2: Effect of pressure gradient parameter, f on velocity Fig 3: Variation of temperature parameter, gw on velocity
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Fig 4: Effect of wall temperature p cter, g on enthalpy n Fig 5: Effect of wall temperature parameter, g on the skin friction coefficient

St

15t gv=10,12,151820;, p=15

Fig 6: Effect of wall temperature parameter, g on the heat transfer coefficient

Figure 2 shows the variatighfor velocity, and indicates that fsncreases, the velocity decreases. There is aistovet for

B > 1.5 which is in agreement with existing literat{i11].

The effect of g on velocity and enthalpy profile in figures 3 afhdespectively show that ag, gncreases, the velocity
decreases, while the enthalpy increases. Thereasleerse drop in velocity fog,g 1.5 which is in agreement with [11].
Figures 4 and 5, gives the effect gf @n the skin friction coefficient and Stanton numbespectively and show increase in
both as the surface temperature parameter increases
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5.0 Conclusion
Computational study of heat transfer effect on hgpeic axi symmetric laminar boundary layer flovanstagnation point
of a blunt body in the presence of magnetic fiedd heen considered fbfa > 5. A semi analytic approach, the perturbation

method was employed with the magnetic interactiamameter,% <<las the perturbation parameter. The results
obtained are in agreement with that obtained nurakyi

The skin friction and heat transfer coefficients &ound to increase as the wall temperature pasgt increases. This is
an indication that they are higher as the stagnataint is approached. Hence their effects aretgred that point.
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