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Abstract—Transient natural convection response, following a change in heating rate at a surface, has been
measured over a range of heating conditions, in water. A new steady state is achieved through several
distinct processes. The first is a superimposed purely diffusive transient near the surface, which agrees with
the solutions given. The flow then diverges into a general downstream developing transient. Flow solutions
then indicate a propagating leading edge effect downstream. Thereafter, the transient approaches a new
steady flow. Transport response, determined by visualizations and local velocity and temperature measure-
ments, also agree with the calculations. Upstream flows remain laminar throughout the transient. Down-
stream, both transient transition and turbulence enhance local heat transfer. This suggests that general
heat transfer enhancement may be achieved by programmed changes in imposed heat flux levels.

1. INTRODUCTION

TRANSIENT vertical natural convection flow response,
following from a suddenly imposed surface heating
condition, has been studied in considerable detail.
Following the early work of Illingworth [1], the
sequence of events resulting in the final two-dimen-
sional laminar boundary layer flow has been studied
both in experiments and analysis, as summarized in
ref. [2]. At the beginning of a transient, the flow adjac-
ent to a vertical surface with a leading edge is one-
dimensional. The presence of the leading edge is suc-
cessively felt downstream, as ambient entrainment
develops a two-dimensional field. The flow then
eventually becomes steady boundary region trans-
port. The sequence of events in very vigorous flows,
which undergo transition, is reported in ref. [3].

In many technological and environmental appli-
cations, transients are actually caused, not by imposed
temperature changes, but by a changing level of an
existing energy input. Many such transients do not
start from quiescence, but from a previous heating
and resulting flow condition. An example is a solar
collector panel, when solar insolation suddenly
changes, possibly due to changing cloud cover. An
initial steady flow becomes a transient which ulti-
mately may result in another steady flow condition.

Ingham [4] considered such a transient, that fol-
lowing a sudden disappearance of the previous heat-
ing condition along a vertical isothermal surface. The
initial steady flow was taken as that generated by a
surface at temperature ¢,, in a quiescent ambient at
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t..- The surface temperature was then changed to 7.
The resulting decaying transient flow was calculated
for short and for long times. The short-time analysis
applies as long as the effect of the change is felt only
very close to the surface. Then, only the effects of
thermal diffusion near the surface are important. This
amounts to a one-dimensional transient effect in the
flow. For such impulsive temperature conditions, the
generalized coordinate normal to the surface is
& = y/2(vi)"/% The governing equations describing
the decaying flow are recast in terms of £ and © = 7/
\/ x, where x is the distance from the leading edge. A
series solution was obtained in terms of 1, valid for
T 1,

The approach to steady state, for t » 1, is the grad-
ual disappearance of all flow. This was calculated as
an expansion, by balancing the dominant terms in the
governing equations. Only the leading order solutions
were given. The higher order terms involve eigen-
functions, due to the uncertainty associated with con-
ditions at T = 0. The numerical solution for this tran-
sient [4] matches the small and large time solutions
well. Similar results were given by Ingham et al. [5], for
the sudden temperature change of a vertical surface
imbedded in a porous medium.

The condition of a sudden increase or decrease in
temperature is convenient for analysis. However, such
changes are seldom, if ever, realized. The condition
that often better approximates reality is a sudden
change in an energy input or generation rate in the
surface material. As part of an investigation of a sud-
denly initiated heat condition, Sammakia ez al. [6]
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NOMENCLATURE
<" surface thermal capacity per unit area y horizontal coordinate (dimensional)
¢ specific heat Y horizontal coordinate (nondimensional).
E beginning of transition parameter,
G*(v?/gx)'® Greek symbols
f non-dimensional stream function, a thermal diffusivity of fluid
W/ (U.95) B coefficient of thermal expansion of fluid
g acceleration due to gravity o initial boundary layer thickness, 5x/G*
G* modified flux Grashof number, n non-dimensional distance coordinate,
5(Gr¥/5)'”® y/é
Gr*  local flux Grashof number, gfq’;x*/kv? v kinematic viscosity of fluid
k thermal conductivity of fluid ¢ non-dimensional distance, y/2(v)"/?
Pr fluid Prandt] number P density
Q*  thermal capacity parameter defined in T non-dimensional time
equation (26) T dimensional time
q initial surface heat flux ¢ non-dimensional temperature coordinate
q9s final surface heat flux v stream function.
t temperature (dimensional)
T temperature (nondimensional) Subscripts
u vertical velocity (dimensional) 0 value at the surface
U vertical velocity (nondimensional) 1 quantity based on ¢
U, characteristic velocity, vG*/5x 2 quantity based on ¢
v horizontal velocity (dimensional) 0 value in the ambient
vV horizontal velocity (nondimensional) BL  laminar boundary layer
w thickness of the surface element FD finite difference calculation
X vertical coordinate (dimensional) f fluid
X vertical coordinate (nondimensional) s surface.

also considered transport following a cessation of sur-
face heating. Finite difference transport solutions were
obtained. Comparisons indicated that computations
and measurements of surface temperature response,
were in good agreement. However, as there were no
flow visualizations or sensor measurements in the
fluid, it is difficult to surmise the transient behavior of
various flow features, including entrainment and any
disturbance effects which arose.

Our investigation examined the general transient
natural convection response arising from a sudden
change of the level of energy input flux to a vertical
surface element. That is, a steady input heat flux ¢
is changed, at 7 = 0, to a new steady level ¢%, for t > 0.
The short-time analysis, given in Section 2, is similar
to that given by Ingham [4]. However, the actual
generalizations and transformed equations are differ-
ent, since the surface flux condition was taken. Closed
form solutions are found, for surface elements having
a relatively negligible thermal capacity, compared to
the adjacent fluid. This was water in the experiments.

These short-time solutions are compared to the
numerical transient finite difference calculations,
using the complete transient boundary layer equations
in Section 3. Explicit time integration with a spatially
variable grid size was used. Since this numerical for-
mulation is not limited to short times, the calculations
were continued to steady state. These numerical and

analytical solutions were also verified by experiments,
in water, in terms of local sensor data and flow visu-
alizations. In Section 4, the experimental data are
compared with both the short-time analysis and the
numerical results. The flow visualizations, and their
implications concerning flow response, are then con-
sidered.

2. SHORT-TIME TRANSIENT RESPONSE

The initial steady transport is a two-dimensional
natural convection boundary region flow in a quiesc-
ent fluid at ¢, with a uniform flux dissipation rate
at the surface ¢7. A transient begins when this flux is
changed to g% for 7>0. With the Boussinesq
approximations, the equations for the transient
response are

du dv
ou Ju ou &*u
%-Fuaﬁx-kvb;:gﬁ(t—tw)-i-va? 2)
éi_!,_ gﬁ_’_ ﬂ_ 6_21 (3)
ot T ax Ve T Yoy

For time T < 0, the steady flow resulted from the
uniform surface flux ¢". For T > 0, the flux is ¢7%. The
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thermal capacity of the surface element is assumed to
be negligible, compared to that of the fluid. This is
often a very good approximation for thin surfaces in
liquids, as shown by the calculations in the Appendix.
For 720, the time-dependent stream and tem-
perature functions f and ¢ are formulated as

Y = U)o f(n,1); u=2ay/dy; v=—0y/ox
(4a)
on,7) = (t;;m)» AT = ¢,8(x)/k (4b)

where # = y/d(x), 6(x)= 5x/G*,
7 = vi/[6(x)]* and

Ux) = vG*?¥/5x,

7 4

gﬁq

G* = 5(Gr¥/5)'° and Gr¥= )]
In equations (4) and (5), U,(x) is the characteristic
velocity, d(x) is the boundary layer thicknessat 1 = 0
and Gr¥ is the local flux Grashof number based on
the initial heat flux, 47.

Introducing equations (4) and (5) into equations
(1)—(3) reduces the independent variables from x, y
and 7 to n and 7. The transformed equations in f{, 1)
and ¢(n, 1) are

3f f of
6”61[—1% _6?]

2f of ory
R

3¢ . 9 of
P e [ 1421 é;]

+Pr %[4f—~ i{] Pr (f) f N

The boundary conditions, for 7 > 0, are

o¢
5?' (09 ’I)

Y %m, D= f0,7) =

(8a)

$(00,7) = gf-(m,r) =0 (8b)
n

where equation (8a) applies at the surface. Equation

(8b) applies in the ambient medium, assumed to

remain unstratified and quiescent. The transport at

1=0 is a steady downstream developing flow,

Sfo(n) = f(1,0) and ¢(n) = P(n, 0), where fo() and
¢o(n) are solutions of

o+ o+ 53’ &)
QG+HAPr f3do—Prgofs =0 (10)
where
So(0) = f5(0) = 1+4(0) = ¢o(o0) = fo(o0) = 0.

an

Equations (9) and (10) follow from equations (6) and
{7) when time derivatives are taken as zero.

2.1. Series solution for short times

Equations (6)—(8) are next re-written in a form
more convenient for analysis at short times. In all
impulsive changes at a surface, there is a brief period
in which the effects are confined to a thin, one-dimen-
sional layer adjacent to the surface. Specifically, for
vi/6* = 1 « 1, there exists an ‘inner layer’ which is
described by equations (6)—(8). Outside this layer, the
flow remains the initial boundary layer profile, as
given by f, and ¢, in equations (9) and (10). Since
the appropriate length for short times is the diffusion
scale (1), the normalized distance scale is then
& =n/(21)""* = y)2(vD) "%, Therefore, the f and ¢, in
equations (4), are further transformed as

S0 =TFE 1, (0 =170 0. (12)
Introducing this into equations (6) and (7) yields

TR T 0 L I
goer V' a5E TaEa 2+ 75
(13a)
18% 00 5/26F L2
a0 Z,‘ 712 OF oF
The boundary conditions at £ = 0 (y = 0) are
oF

The solutions in this growing ‘inner’ layer are taken
to match the outer steady boundary layer. This is
approximated at small » as

fo ~ an*j2—bnPi6+n* 24+ a*n> 60+ O(n*)
¢o ~ b—n+0(n?). (14a,b)

Both a = f{{0) and b = ¢4(0) depend on Pr. Sub-
stitution of equations (12) into equations (14) yields,
for large ¢

F(&E, 1) ~ 28%ajt—4bE? 372
$289348a250V215+0(r) (15a)
BET) ~ br= =28+ 0(x). (15b)

The behavior of the inner layer as ¢ — oo is to be
matched with the outer solution, £, ¢,. Equations (15)
suggest solutions of the following form:

F(&, 1) =t ' Fo(O)+1 PF (D) + Fy ()
+1"2F,(O)+0(1) (16a)
0(¢,1) =1 PH(O+H (O +0(). (16b)
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These are substituted into equations (13). Terms with
equal powers of 7 are collected to obtain

F—2F 4+ 26F) =0 (172)
Fl—4F, 4+ 2(F}+8H, =0 {i7b)

Y —6F,+2(F;+8H, =0 (17¢)

FU —8F, 4 26F, +4F F) ~4F2 =0 (17d)
" 4 2PrEH, =0 (17)
1+2PréH—2PrH, =0. (176)

The boundary conditions are: for i = 1-3;
Fi{0) = F(0) = o(0) = 0;
H1(0) = —2(g2/47)  (182)
as&—coo; Fo(8) ~2al?; Fi(§) ~ —3b8°
(18b)
Fy(@) ~ 3% Fo(§) ~ Ka’l?
Ho@) ~b; H\(Q~ -2

2.1.1. The response for the inner layer. Solutions
for F,, F,, F,, Fy, H, and H,, with the boundary
conditions in equations (18), have been obtained in
closed form. The resulting expressions for H(Z, ) and
OF/0&(E, 1) are then calculated using equations (16).
These are

8 =bt"24+2g5 g1~ 1)
x[e=¢' "~ &/ Proerfc (E/Pnli/n Pr (19)
for Pr # 1

(18¢)
(18d)

oF
— =4aér™!

7 ~4b&* 1 +16(1 - 45/97)

x [i* erfe £ —i* erfc (& Pr)]/{(1 — Pr){/ Pr}
+883/3+8a%E4 3+ 0(x)  (20)

for Pr=1
F
g.é_=4agr~l 46271112 —8E(1 —g3/q%)

xiterfc £+88°/3+8a2 841V 3+ 0(x) (21)

where the integrals of the error function in equations
(20) and (21) are defined as

i"erfc x = J‘ i lerfcydy forn =1

and ierfcx =erfex.

2.1.2. Composite solutions valid for all n. Equations
(19)-(21) apply to the inner layer, that is for n « 1.
Short-time solutions valid for all 4 are obtained by first
writing equations (19)-(21) in terms of # and sub-
sequently combining them with the outer solutions
d( fo(n))/dn and ¢ o(n). The resulting velocity and tem-
perature function f”(y, 1) and ¢(y, 7) are

Y. JosHi and B. GEBHART

for Pr#1
of _dfe(n) 82°2(1 —q3/q%)
on dn (1—Pr)/Pr

r f_n /Pr"l_l

X Lﬁ erfc {%J»—P erfc L 2\1/? J {22a)

for Pr =1
af dfo(fl) 3/2 g
Friir —dnt (1 -g3/q1

xierfe (n/2/0)+0(E"?)  (22b)
and

2742

¢ = ¢o(m+ (¢3/97—1

JPr

xierfe l:n \f/

Equations (22a) and (22¢) are plotted in Figs. 1 and
2, for water, Pr = 6.2, and in Figs. 3 and 4 for air,.
Pr=0.7. Values for g3/4} = 5 and 0.5 were chosen.
Cumparmg I xga 1 and 2 with F;gs 3 and 4 shows
that, for both heating conditions, transient response
in air is faster, in terms of r. This is also true in physical
time 7. In water, the larger density and viscous forces
retard changes in fluid velocity. An important quan-
tity is the shear stress at the surface. This is

ory _ 4 41(1-43/q"7)
on*ly=o  dn’jy=0  (1—Pr)/Pr
x (/ Pr—1) ¢ erfc (0).

]-}- o(x¥?). (220

@23

Surface shear stress development with time is shown
in Fig. 5, over a range of ¢%/g, for both water and
air. An increase in surface heat flux increases surface
shear. The change of surface shear, f7(0, 1), for a given
value of ¢5/¢1, is larger in air.

3. NUMERICAL SIMULATION OF THE ENTIRE
TRANSIENT RESPONSE

The shori-time solutions given in Section 2 apply
while transient effects are confined to the fluid region
very near the surface, well within the initial thermal
boundary layer. These effects continue to penetrate
outward and eventually cause a new steady flow.
Numerical solutions of equations (1)-(3) were there-
fore determined, for the whole transient, assumed to
be laminar, from 7 = 0 to the eventual steady state.
The results given here are for water, Pr = 6.2.

Equations (1)—(3) were nondimensionalized in a
manner similar to that of Sammakia et al. [6], using
the initial heat flux ¢7. A completely equivalent for-
mulation is also obtained using ¢%. The new variables
are

X,Y = x,y/(v*k/gBq})"*
U,V = u,v/(v’gBd’[k)"*

(24a)
(24b)
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F1G. 1. Short-time velocity and temperature responses across the boundary region following an increase
in surface heating for ¢%/¢} = 5 and Pr = 6.2.
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FiG. 2. Short-time velocity and temperature responses across the boundary region following a decrease in
surface heating for ¢%/¢} = 0.5 and Pr = 6.2.
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FiG. 3. Short-time velocity and temperature responses across the boundary region following an increase
in surface heating for ¢%/¢7 = 5 and Pr = 0.7,
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F1G. 4. Short-time velocity and temperature responses across the boundary region following a decrease in
surface heating for ¢%/¢} = 0.5 and Pr = 0.7.

0.8 130
w e 27
orl 43/9; =0.1,0.2,05,2,4,5
2.4
0.6
Tl meszem T
o o5 e o
=y T e *
0.4
v
03
0.2 __92/91 701 . . . , o3
o 01 02 03 04 0.5 08§ 07 0.8
T
F16. 5. Non-dimensional surface shear variation for short times for various g%/g": , Pr=262;

T = (t—1t,)/(v*q7’ [gBk>)* (24c)
trp = T(k/9Bq1) 2, (24d)

In equation (24d), the subscript FD refers to the finite
difference calculation. The initial and boundary con-
ditions are

at pp=0; U=U,, V=V, and T=T,
(25a)
at X=0; U=V=T=0 (25b)
at Y=0; U=V=0 (25¢)
and also
at Y=0; q%/q=Q*0T/0tep—0T/0Y.

(25d)

The surface thermal capacity effect was included in
these calculations. The last condition, equation (25d),

is the resulting energy balance at the surface. The
parameter Q* represents thermal energy storage
capacity of the surface element. For an element the
thermal capacity per unit surface area of which is ¢”,
Q* is given by
0* = '[gBg v /K] (26)
Numerical calculations using the above formu-
lation, with Q* = 0, were in agreement with the short-
time solutions in Section 2. Continuing calculations
then determined the transient development to the new
steady state at g%. These calculations are discussed
next. Also included are the effects of surface element
thermal capacity, that is @* # 0. In Section 4, these
results are compared with the experimental data, in
water at room temperature.

3.1. Numerical solution scheme
An explicit finite difference scheme described in
Carnahan et al. [7] and also employed by Sammakia
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FiG. 6. Incremental vertical velocity profiles across the fluid at various times for ¢%/¢ =5 and

Pr=6.2:

, finite-difference calculations; - - - -

-+ -, short-time analysis ; >, steady laminar similarity

solution.

et al. [6] was used for all calculations reported here.
Initial steady-state profiles were first obtained from
equations (9)—(11). The starting values U,, ¥, and T,
at each grid point were then interpolated from the
known f4(n) and ¢4(n), using cubic spline poly-
nomials. A variable grid was employed in both the X-
and Y-directions. This enabled the deployment of a
larger number of grid points near both X =0 and
Y = 0, where the largest gradients occur.

A 40x40 grid was used and X, = 100 and
Ymax = 25 were taken for comparison with the short-
time solutions. These correspond to Gr¥ = 10® and
Nmax = 7.21, where Gr¥ is the Grashof number at the
top of the surface and #,,,, is the extent of the transport
region in the non-dimensional coordinates in equations
(5). The numerical scheme results in an upper limit
on the allowable time step. The step Atpp = 0.01 sat-
isfies this restriction for the conditions studied here
and was used throughout.

Setting ¢3/¢1 = 0 in equation (25¢) results in the
same surface condition as studied by Sammakia et
al. [6]. However, the present formulation envisions
computations for any finite ¢%/¢7]. All computations
throughout the transient were also made with
q5/g1 = 0 for the Q* values in ref. [6]. These results
were in excellent agreement with the earlier results.
Then, calculations for ¢%/q7 > 0 were made. The
results are discussed next.

3.2. Numerical results with negligible thermal capacity,
ie. Q* =0 for q5/4" >

Velocity and tcmperature responses in water are
shown in Figs. 6 and 7 for ¢%/q| = 5, and in Figs. 8
and 9 for 0.5. These responses are plotted in terms of
AU and AT, the changes from the initial steady vel-
ocity and temperature profiles, U, and 7T',. Thus, only
the transient changes are seen. Also shown are both

the short-time responses and the eventual steady lami-
nar boundary layer calculations.

The short-time solutions were transformed into the
present variables by

812
JPrPr—
x {i? (Y\/Pr/z\/TFD ——is(Y/Z\/‘CFD)] 27

U-U, =AU=—"2 ( Sigi—1)

T—T,=AT = 2‘/FD (g5/q—1)

JPr
x ierfc[Y\/Pr/2\/tep]l. (28)

Also, the eventual steady-state quantities are related
to values at 7, = 0 as follows:
Us/Uy = R** fo(nR ")/ fo(n)
T,/T, = R**¢o(nR ")/ o(n)
where R = ¢%/q’ and n = Y/(5X)%%

In Fig. 6, for 1zp = 2 and 4, the numerical results
for velocity are seen to be in very good agreement
with the short-time solution. For 1zp = 8, they lag
seriously, as convective momentum effects become
important. Steady state arises at about tgp = 25.
Thereafter, there is very little further change. By
Tep = 35, the numerical results are in good agreement
with the steady boundary layer calculation.

The associated temperature development profiles
are seen in Fig. 7. The numerical and short-time results
agree well for tgp = 2, 4 and 8. The thermal layer is
well within the velocity layer. Even though the velocity
has departed from the one-dimensional form at
7rp = 8, the temperature response still follows the
short-time result. Convective effects have become
important by tgp = 15. Steady conditions are indi-
cated for tep > 25, as again seen from the good agree-
ment with the steady boundary layer calculation.

Figures 8 and 9 are a similar comparison, for a

(292)
(29b)
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FiG. 7. Incremental temperature profiles across the fluid at various times for ¢5/¢] = 5 and Pr = 6.2: X
finite-difference calculations; -+ - - - , short-time analysis; [>, steady laminar similarity solution.
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FiG. 8. Incremental vertical velocity profiles across the fluid at various times for ¢3/¢} = 0.5 and

Pr=6.2:

- -+, short-time analysis ; [>, steady laminar similarity

solution.

decrease in heating rate, for ¢3/¢7 = 0.5. The numeri-
cal velocity results in Fig. 8 are again in good agree-
ment with the short-time predictions for 7, = 2 and
4. Convective momentum effects then reduce the vel-
ocity response below the one-dimensional solution, as
seen at txp = 8 for Y > 1.5. This effect has become
much larger at tzp = 15. Steady flow is achieved at
about tpp = 60. The temperature results in Fig. 9
show similar trends. As in Fig. 7, the agreement with
the short-time transport persists to a longer time, for
Tep < 8.

A comparison of Figs. 6 and 7 with Figs. 8 and 9
shows, as expected, that a decrease in the surface
heating level results in a much slower transient. Steady
conditions are achieved for g5/g| = 5 for 1gp & 25 and
for ¢5/q7 = 0.5 at Tep = 52. As seen later, in Section
4, steady state arises at a given downstream location
x, sometime after the leading edge effect has passed.

Increasing the surface heat flux increases the flow
velocity. Decreasing it, decreases velocities. This slows
the leading edge propagation rate and extends the
transient time.

4. COMPARISON WITH EXPERIMENTS

Transient flows were generated in water adjacent to
a vertical 1.24x0.35 m surface, consisting of two
0.038 mm foils of Inconel 600, separated by layers of
resin impregnated fabric. The assembly was fused at
high temperature and pressure. The final composite
thickness was 0.28 mm, or 11 mils, and the value of
¢” was about 440 Jm 2K~

Experiments were carried out in a 1.83x0.62x
1.83 m high stainless steel tank, with glass windows
for flow visualization. The initial steady natural con-
vection flow was generated by passing a steady electric
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FiG. 9. Incremental temperature profiles across the fluid at various times for g%/¢]=0.5 and

Pr=6.2:

- -, short-time analysis; [>, steady laminar similarity

solution.

current through the Inconel surface foils on each
side of the assembly. The surrounding water had
been deionized to a resistivity level of approximately
1 MQ cm, to avoid electrical leakage.

Local temperature measurements in the fluid were
made using a 0.087 mm diameter copper—constantan
thermocouple probe. Surface temperatures were also
measured, from thermocouples embedded within the
layers of fabric inside the composite surface. All ther-
mocouples were referenced to a water—ice bath. Local
velocities were measured with a calibrated DISA
55R14 hot-film probe. Data were digitized, by an
automatic data-acquisition system, and stored on
magnetic tapes. Flow visualization was of suspended
neutrally buoyant particles in the water, illuminated
by a plane of He-Ne laser light.

The transient was started by manually abruptly
changing the power input to the test surface at a given
time. The quality of this step was monitored on the
data acquisition system. The power supply response
time was typically of the order of a few tenths of a
second. This is much faster than the total transient
times in this study, typically 40-100s.

The 12 experimental conditions are listed in Table
1. Transient flow visualizations, local sensor and sur-
face temperature response measurements were taken
for each experiment. Transient flow visualization
sequences are given first. The transport mechanisms
detected, thereby, are later substantiated in terms of
local sensor data.

4.1, Flow visualizations

4.1.1. Increased heating rate. Figure 101is a transient
flow response sequence for a sudden heat flux increase,
4541 = 2.07. The visualization shows developing flow
adjacent to the surface, from the leading edge, down-
stream to x = 75 cm. The surface is on the right-hand
side. The symmetric flow on the other side of the

composite surface is not shown. All pictures were
taken at a small horizontal angle to the surface, to
show the complete flow field.

The response in Fig. 10, to an increase in flux,
remains a largely laminar boundary region flow, for
short times. See Fig. 10{a) at about 42 s. In Fig. 10(b),
disturbances have appeared, at the location of the
arrow. These amplify as they are convected down-
stream, in Figs. 10(c) and (d). At i = 93 s, the flow
appears turbulent near the arrow, in Fig. 10(e). Later,
in Figs. 10(f) and (g), the turbulent flow is pro-
gressively swept downstream, out of the field. The
flow has partially relaminarized in the final steady
state, in Fig. 10¢h).

These visualizations show that, initially, no changes
arise, either in the flow or in the ambient entrainment
patterns, up the entire surface. This response is, there-
fore, consistent with the laminar model in Section 2.
A one-dimensional transient is confined within a thin
layer adjacent to the surface. Later, for x < 50 cm,
the flow remains laminar at all times to the final steady
state. However, downstream, the flow became tur-
bulent. It partially relaminarized later, in achieving
steady state.

4.1.2. Decreased heating rate. The visualization
sequence following a decrease in surface heating,
¢5/q" 1 = 0.106, is seen in Fig. 11. In Fig. 11(a), at 47s,
again no disturbances are seen. In Fig. 11(b), there is
a small outer region of disturbances at about mid-
height. These have collectively become a counter-
clockwise vortex, while being convected downstream,
in Fig. 11(c). The center of the vortex is seen to be
near the outer edge of the velocity layer. A second
vortex, trailing the first one, is first seen in Fig. 11(d).
In Fig. 11(e), the flow within the higher vortex appears
to be turbulent. In Fig. 11(f), this vortex is now near
the top of the photograph and the flow in the lower
vortex also appears turbulent. Both are convected
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Table 1. Experimental conditions for data in Section 4

Type of
Run 47 (Wm™?) 7491 X (cm) o E, E, (u; _ulmv)//ulm (=0, )0, experiment
1 279 2.07 0-75 0.7 159t I18.1% — — Flow
2 574 0.11 0-75 0.85 18.5F 1L.7+ — — visualization
3 90 11.30 29 0.54 83 13.5 0.07 0.07
4 588 3.01 29 0.8 123 15.4 0.0t 0.05
5 588 0.15 29 0.86 12.1 8.3 0.03 0.01
6 1017 0.28 29 099 13.7 10.5 0.06 0.02 Local sensor
7 53 16.64 49 0.48 9.2 16.2 0.04 0.01 measurements
8 589 2.31 49 086 15.0 17.7 0.07 0.02
9 589 0.09 49 087 149 9.3 0.07 0.04
10 1143 0.13 49 1.02 17.1 1.4 0.15 0.14
11 82 5.61 32.6,43.6, 052 13.5f 19.1% — 0.02, 0.05, .
96.8 0 Surface
12 956 0.34 326,436, 096 224% 17.8% _ 0.02, 0.05, temperature
96.8 0.02 measurements

+ Evaluated at x = 75 cm.
1 Evaluated at x = 96.8 cm.

downstream in Fig. 11(g). Laminar conditions are
restored locally with their passage. The eventual
steady flow, in Fig. 11(h), is completely laminar, for
the relatively low flux ¢5 = 61 Wm™ 2

This response shows many similarities with that of
Fig. 10. Near the leading edge, the flow is always
laminar. Downstream, transient transition occurs.
Laminar conditions are later restored. However, the
orderly vortex pattern in Fig. 11 is an entirely different
effect. It was seen only for large decreases in surface
heating, that is, for small ¢5/¢| < 1. Runs with g%/¢
near 1.0 did not generate such well-defined vortices.
Their disturbance patterns were instead similar to
those with ¢%/¢7 > 1.0.

a b c d
FiG. 10. Flow visualization in water following an increase in surface heating from ¢} = 279 W m~? to

g5 =547 W m~? for 0 < x < 75 cm. Exposure durations in seconds are (a) 3442, (b) 59.5-67.5, (c) 68—
76, (d) 76.5-84.5, () 85-93, (f) 102-110, (g) 110.5-118.5 and (h) 144.5-152.5.

4.2. Local sensor measurements

Transient local velocity and temperature measure-
ments were also made for the flux conditions and
locations listed in Table 1. Typical data are presented
in Figs. 12-14, for downstream locations x = 0.29 and
0.49 m, for several transients. Some of these measure-
ments were in flows which remained laminar during
the transient. Some were in flows which are in tran-
sition ; either in the beginning, during or near the end
of the transient.

4.2.1. Responses upstream. Measured velocity and
temperature responses are seen in Figs. 12 and 13 for
q5/q1 = 11.30, 3.01, 0.15 and 0.28, as curves (a)—(d).
In Fig. 12 the velocity sensor was at x = 0.29m and

e | f g
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a b c d

e f g h

FIiG. 11. Flow visualization in water following a decrease in surface heating from ¢; = 574 W m~2 to
g5 =61 Wm~2for 0 < x < 75 cm. Exposure durations in seconds are (a) 42-52, (b) 94.5-104.5, (c) 115.5—
125.5, (d) 136.5-146.5, (e) 147-157, (f) 157.5-167.5, (g) 168-178 and (h) 346.5-356.5.

y = 2.21 mm. This is close to the location of the vel-
ocity maximum of the initial steady flow for ¢’} = 588
W m~ 2. The corresponding temperature responses for
the same heating conditions, are in Fig. 13, but at
x=0.29 m and y = 1.68 mm. Again the incremental
responses of the physical velocity, Au, and tempera-
ture, Az, are shown, to emphasize the changes during
the developing transient.

The differences between the initial steady sensor
data and the corresponding laminar similarity profiles
are listed in Table 1, in the last two columns. Figures
12 and 13 show both the calculated short-time
response, from Section 2, and the complete response

from the numerical calculations, from Section 3. Sur-
face thermal capacity was included in the numerical
calculations. Computed values of Q* for each test are
also listed in Table 1.

The heating transient in Fig. 12, for ¢%/¢ = 11.30
starts from a steady flow generated by a very low
flux level. A large increase follows. Since the thermal
capacity parameter is Q* = 0.54, its effect on response
is small. Both the short-time and finite-difference
results are in close agreement with the measured
response for the first 20 s. Later, as the changing ther-
mal effect penetrates further out, the sensor response
lags the short-time solution. The numerical results

(a)

(&)
1.5
(b)
1.0 : o
5 0.5
2
T 0 : : "
ciQ 100 120 140
x|o
a -0.5
-1 0k f AN TR N —— *
Short time L4
(c)
-1.5}¢
-2.0L

F1G. 12. Fluid velocity response following a change in surface heating at x = 0.29 m and y = 2.21 mm. (a)
¢I=90Wm2g5=1017TWm=2 (b)g;=588Wm~2¢5=1768 Wm~2 (c) ¢} = 588 Wm~2, g5 =90

W m~?and (d) ¢} =1017 W m~2, ¢ =284 W m~?,

, short-time analysis; -« ---- , data; and

————— , finite-difference calculations. Symbols on the right-hand side correspond to steady similarity
solution for Pr = 6.2.

HMT 31:4-F
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Fi1G. 13. Fluid temperature responses following a change in surface heating at x = 0.29 m and y = 1.68
mm. Conditions (a)—(d) are the same as in Fig. 12.
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Fic. 14. Fluid velocity response following a change in surface heating at x = 049 mand y = 2.21 mm. (8}
g =53Wm 2 g;=82Wm 2% (b)g,=589Wm 2 gi=1363Wm2(c) ¢} =589 Wm %, ¢} = 53

Wmland(d)q; = 1143 Wm™, ¢4 =153 Wm™>

------- , short-time analysis; , data. Symbols

on the right-hand side correspond to steady similarity solution for Pr = 6.2.

remain in closer agreement. At £ = 40, the sinusoidal
variation in both Au and At mark the passage of
the leading edge effect. These disturbances decay very
quickly. The data show steady state at about 7 ~ 70s.
The eventual measured steady velocity and tem-
perature levels are in good agreement both with the
calculated similarity solution, shown as symbols on
the right, and with the finite-difference calculations,
converged to steady state, and shown as asymptotes.
The heating transient in Fig. 12(b) starts from a
higher initial flux level, ¢} = 588 W m™?, run 4 in
Table 1. The input flux was then changed to 1768 W
m~2, the maximum level studied in these measure-
ments. Transient response data agree with the finite-
difference prediction for the first 10s. Thereafter, the
sensor response lags the numerical results. A periodic
disturbance, as before, arises earlier, at T~ 30s.

Steady conditions are reached at 7~ 50s, and both
velocity and temperature data are betow the lami-
nar calculation, since this is a region of transition.

The downstream transition of a steady vertical
natural convection flow in water was measured in
detail in ref. [8]. The beginning of velocity transition
was found to be reliably signalled by a decrease in
velocity level near the laminar maximum. On the other
hand, thermal transition caused steepening of the tem-
perature profile from the laminar trend, close to the
surface. These measurements indicated that steady
transition began at a fixed value of the parameter
E = G*(v¥/gx¥)¥'5 Velocity and later thermal tran-
sition were characterized by E = 13.6 and 15.2, respec-
tively. The values E; and F; in Table 1 are the esti-
mated values of E based on ¢} and g7, respectively,
for the present experiments.
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Curves (¢) and (d) in Figs. 12 and 13 show the
transient following a decrease in heating. The data
follow the short-time analysis for 7 < 10s. Later, as
convective effects develop, they agree with numerical
computations. The periodic disturbances seen before
steady state are smaller in amplitude than for
increased heating, in curves (a) and (b). The final
steady transport is laminar and the data agree well
with similarity solution.

4.2.2. Responses further downstream. Transient vel-
ocity responses further downstream at x = 0.49m, are
shown in Fig. 14, for conditions 7-10 in Table 1. The
temperature response is not shown. The ¢%/q" values
are close to those for the upstream measurements
shown in Figs. 12 and 13. Since exact control of power
input was not possible, there is some difference in
input flux. Responses (a) and (b) are for increases and
(c) and (d) are for decreases. Only the short-time
transient solution and laminar similarity results are
shown in Fig. 14. No numerical calculations were
made for these conditions, since they are beyond the
beginning of velocity transition, either initially or in
the final developed flow.

The short-time response in Fig. 14(b) is initially
similar to that for heating conditions in Fig. 12. The
response in Fig. 14(a) agrees better with the short-
time solution than Fig. 14(b), since g is less. A higher
flux results in a greater initial thickness of the thermal
boundary layer. The initial transient effects then
remain confined within this layer for a longer time.
Since the steady flow is in transition, the resulting final
velocity levels are below the laminar calculation. Just
before the final flow condition is achieved, large per-
iodic disturbances pass by, as also seen upstream in
Figs. 12 and 13.

Responses following a reduction in heating are seen
in Figs. 14(c) and (d). They agree with the short-time
solution to about 7 < 10s. The periodic disturbances
are again smaller in amplitude than for ¢%/¢} > 1 as
in Figs. 14(a) and (b). Table 1 indicates that the initial
flow, corresponding to g7, is in transition, for both
conditions, Figs. 14(c) and (d). This led to initial
velocity levels below the laminar theory. Recall that
the incremental velocity data in Fig. 14 are obtained
by subtracting the initial measured levels. Therefore,
the steady mean levels in Figs. 14(c) and (d) are above
the laminar predictions.

4.3. Measured temperature response of the heating
surface

The response of the thermocouples embedded in
the surface, at x = 32.6, 43.6 and 96.8 cm are shown
in Fig. 15. The upper curves, Fig. 15(a), are for run
11, ¢%/q"t = 5.61. The lower curves, Fig. 15(b), are for
run 12, g5/¢"t = 0.34. Also shown in Fig. 15 are both
the short-time solutions and numerical results at
Xx = 32.6 and 43.6 cm. Computations were not made
for x = 96.8 cm, since this flow was not laminar.

For Fig. 15(a), the surface temperature initially
rises in agreement with the one-dimensional pre-

diction at all three locations. Steady conditions are
achieved at about T = 40s at x = 32.6 cm and slightly
later at x = 43.6 cm. Only small disturbances arise,
before steady state. At x = 96.8 cm, however, the
surface temperature decreases below the steady-state
asymptote, during the 110-160s interval. It then
recovers to the final steady state.

A similar effect was seen in ref. [3] in heating tran-
sients started from quiescence. The transient flow far
downstream of the leading edge becomes turbulent.
The resultant large-scale turbulent transport improves
heat transfer, causing a large drop in the surface tem-
perature. This effect is then swept downstream. The
surface temperature increases as the flow partially rela-
minarizes. Finally, the eventual temperature levels are
in good agreement with the similarity solutions, even
though the values of E, and E, at x = 96.8 cm are
larger than at the beginning of transition. The same
trend was also reported in ref. [9]. This is because
surface thermal capacity effects damp out smaller flow
temperature disturbances. Measured surface tem-
perature levels agree with the laminar trend, for E
levels significantly beyond the first detection of tran-
sition by the local sensors in the fluid.

The response for decreased surface heating, Fig.
15(b), shows similar trends. There is initial agreement
with the short-time solution at all three x locations.
Steady conditions at x = 32.6 and 43.6 cm are close
to the laminar predictions. The surface temperature
at x = 96.8 cm is lower during the interval 100-170s.
This is again caused by transition during the transient.
Later, relaminarization occurs and the surface tem-
perature increases. The temperature response in Fig,
15 shows that both an increase and a decrease in the
surface flux causes transient transition, sufficiently far
downstream. This is a heat transfer enhancement
mechanism during a large part of the transient.

5. CONCLUSIONS

Transient convection response, due to a change in
surface heating rate, has been determined for a wide
range of conditions. The short-time response is purely
diffusive and is confined within the initially established
boundary region. Later, convective effects modify
the changing velocity and temperature levels and
distributions. Before steady conditions are again
achieved, periodic disturbances propagate down-
stream, from the leading edge. Their amplitude increases
and they cause downstream transient transition
to turbulence.

As a result, a large temporary increase in heat trans-
fer effectiveness occurs. This is seen as a decrease in
the surface temperature. This occurs both for
q5/q1 > 1 and ¢%/q| < 1. This suggests the possibility
of modulating heating rates around their mean level,
to increase heat transfer performance. By properly
adjusting the modulation pattern, the turbulent flow
arising during the transient may become continuous.

Increasing disturbance levels downstream strongly
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FiG. 15. Surface temperature response following a change in surface heating for various x. (a) g7 = 82 W

m2 ¢4 =460 W m= and (b) ¢} = 960 W m~, ¢} = 323 W m~2,

data; and —————, finite-difference computations for Pr = 6.2. Symbols on the right-hand side are steady
laminar boundary layer predictions.

imply transient instability. The analysis of such insta-
bility will be very complicated, since both the base
flow and the disturbances are changing in time. Past
approaches to assess the stability of such flows are
summarized in ref. [3]. The disturbance data obtained
in this study may serve as a guide in such modelling
efforts.
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APPENDIX. ESTIMATION OF THE RELATIVE
SURFACE THERMAL CAPACITY EFFECT

A change in surface heating rate from ¢ to 43 initially
results in one-dimensional incremental transport. Closed
form solutions for such transport were obtained for 0* = 0.
Here we examine the conditions under which this is a reason-
able approximation. The surface thermal capacity may be
neglected, compared to that of the fluid, when

(psep W(2) < S(D)Cytpr- (AD)

In inequality (A1), W is the thickness of the surface element
and 8,(7) is the thickness of the thermal layer. The upper
bound on 8,(7) is the layer thickness for g* = 0. In non-
dimensional form this is 8,/(4at) /% =~ 2. Assume that if the
left-hand side in inequality (A1) does not exceed 5% of the
right-hand side, the surface thermal capacity may be taken
as negligible. Then

£ > (pycp W pec)(0.162). (A2)
For the present experiments, {(p,e, W) =883 T m~ 3. Sub-
stituting fluid properties at 300 K we get
7> 1.19s
> 1.57x10%s.

Thus, for water, the surface thermal capacity effect becomes
small very quickly. In air, this effect is very large. An
extremely thin surface would be required for the surface
thermal capacity effect to be negligible in air.

for water

for air
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REPONSE TRANSITOIRE D’'UN ECOULEMENT PERMANENT VERTICAL SOUMIS A
UN CHANGEMENT DE CHAUFFAGE A LA SURFACE

Résumé—La réponse transitoire de convection naturelle, 4 la suite d’'un changement du flux de chauffage
a la surface, a été mesurée pour un domaine de chauffage de I’eau. Un nouvel état permanent est atteint
au travers de plusieurs mécanismes distincts. Le premier est un transitoire purement diffusif prés de la
surface qui s’accorde avec la solution donnée. Ensuite, apparait un transitoire général qui se développe.
Les solutions de P'écoulement indiquent un effet de bord d’attaque se propageant vers I'aval. Puis le
transitoire s’approche d’un autre écoulement permanent. Les visualisations et les mesures locales de vitesse
et de température s’accordent aussi avec les calculs. Les écoulements en amont demeurent laminaires
pendant le transitoire. En aval, la transition et la turbulence variables augmentent le transfert local de
chaleur. Ceci suggére que I’accroissement général de transfert thermique peut étre atteint par des chan-
gements programmeés des niveaux de flux de chaleur imposés.

UBERGANGSVERHALTEN EINER STATIONAREN VERTIKALEN STROMUNG BEI
EINER VERANDERUNG DER WANDWARMESTROMDICHTE

Zusammenfassung—Das Ubergangsverhalten einer natiirlichen Konvektionsstromung bei einer Anderung
der Wandwirmestromdichte wurde fiir eine Reihe von Heizbedingungen fiir Wasser gemessen. Ein neuer
stationdrer Zustand stellt sich nach Durchlaufen verschiedener Prozesse ein. Der erste ist eine rein diffu-
sionsbedingte Verinderung nahe der Wandoberfliche—dies wird durch die angegebenen Gleichungen gut
beschriecben. Von hier breitet sich die Stdrung stromabwirts aus. Das Ubergangsverhalten der
Transportvorginge, welches durch Strémungsbeobachtung und durch Messung von Ortlicher Ge-
schwindigkeit und Temperatur ermittelt wird, stimmt ebenfalls mit den Berechnungen iiberein. Stromaufwirts
bleibt die Strémung wihrend des gesamten Vorganges laminar. Stromabwirts erhdht sich der 6rtliche
Wirmeiibergang durch die instationdren Vorgidnge und durch Turbulenz. Dies legt die Idee nahe, daB
durch bewuBt vorgenommene Anderungen der Wirmestromdichte der Wirmeiibergang ganz allgemein
verbessert werden kann.

BIUSAHHUE U3MEHEHUS UHTEHCHUBHOCTHU HATPEBA TBEPJIOV MOBEPXHOCTU HA
T'MAPOAMHAMUKY CTALIMOHAPHOI'O BEPTUKAJIBHOI'O IMOTOKA

Amsorams—IIpy pa3IMYHBIX YCIOBHAX HarpeBa HaiiicHO BIHAHAE M3MEHCHHS HHTEHCHBHOCTH HATpeBa
TBEPAOH MOBEPXHOCTH HA PEXKHM ECTECTBCHHOH KOHBEKIIMM B 06beMe Bomnl. [okasaHo, 4To HOBOE CTa-
LMOHAPHOE COCTOSAHHE NOCTHTAJIOCH B Pe3ysbTaTe ONMPENENEHHOR NOCIeNOBaTeIbHOCTH THAPOAHHAME-
9eCKHX MpolieccoB. BHadalie y NOBEpXHOCTA BO3HHKAET IHCTO AN(pY3HOHHKI NEepeHOC, YTO COrIacyeTcs
C MOJIyYEHHHIMH pEILCHUAMH. 3aTeM HECTAIIHOHAPHOE COCTOAHHE DAacIpOCTPaHAETCH Ha BClo obnacts
BHU3 MO Te4eHHIO. B 3TOM cilyuae pelleHAs yxa3biBaloT HA BIAHAHME NepedHeii KPOMKH, KOTOpOE pach-
POCTpOCTpaHseTcA BHH3 mo TedeHmo. [Tocne 3Toro oTMevaeTcs mprGMHAXEHHE K HOBOMY CTalHOHAp-
HOMy cocTosumio. HapyiieHHe cTanMOHAPHOCTH TeueHHd, HaGmoQaeMoe BH3yaJIbHO H ONpenENsicMoe
H3MEPEHHSAMH JIOKATLHOM CKOPOCTH H TEMIIEPATYPHI, TAKXKe COINIAcyeTcs ¢ pacueTaM. B Teuenne Bcero
MEPEXOQHOTO Mpollecca MOTOK BBEPX MO TEUCHHIO OCTAaeTCA JAMHHAPHLIM. BHH3 IO TeueHHIO Kak mepe-
XOIHBI# MpoLece, TAK H TYpOYJNEHTHOCTh YCHJIMBAIOT MECTHHI MEPEHOC TEIUIA. 3TO CBHAETEABCTBYET O
TOM, YTO MPOLECC TEMI006MEHA MOKHO HHTCHCHQHIUNPOBATD, C/IH ONpPEICICHHLIM 06pPa3oM HIMEHATH
BEJIMYHMHY MOABOAHMOTO TEIUIOBOrO MOTOKA.
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