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Abstract

A model is presented for predicting the flow distribution in solar collector manifolds in which
risers are connected in parallel between headers. Both frictional and Bernoulli effects are considered.
The distributions resulting from flow in the manifold in which header streams are parallel and opposed
are calculated and compared with experiment. Parallel flow gives a more uniform distribution.
The outlet header is found to be more critical in balancing the flow distribution than the inlet header.
Conditions under which thermosiphon effects are important and flow reversal in risers may occur
are discussed with reference to experiment.

1. Introduction

Consider the flow of a liquid in a system such as that of F ig. 1. Two tubes, respec-
tively called the inlet and outlet headers, are connected by a large number of tubes
called risers all connected in parallel. Flow of liquid through the system is achieved
by pumping. We wish to calculate the distribution of the total flow among the various
riser tubes, and to compare it with experimental distributions.

In an important practical occurrence of this problem, the risers are placed inside
evacuated tubular solar collectors, and the liquid in the risers is heated by heat
conducted through the riser walls. The temperature change of the fluid between its
entry into and its exit from a particular riser is governed by the flow rate in the riser.
A uniform partition of flow is desirable as it ensures that the fluid temperature change
along each riser is the same. This in turn enables equally efficient operation of all the
tubes making up the collector.

The model we develop will apply to situations where the flow distribution is nearly
uniform and where the temperature changes of the fluid along risers are sufficiently
small to make buoyancy effects negligible. (This is the isothermal flow assumption;
its use will restrict our model to forced-flow collector systems.)

Previous analyses of flow distributions in solar collector manifolds have been of
two types. Jones and Lior (1978) used a discrete model, restricted to a fairly small
number N of risers (N < 30). Each riser is represented by an element in a vector of
flow rates, and a system of nonlinear algebraic equations is solved to find this vector.
As well as being restricted to fairly small systems, such a numerical model does not
give great insight into the way the various parameters of the manifold system influence
the flow pattern in the risers.
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Fig. 1. A Sydney University evacuated tubular collector module, with 15 risers connecting the
inlet and outlet headers. The metal fin shown on the eighth riser (and actually present on all 15)
provides good thermal contact between the collector tubes and risers. The two headers are provided
with thermal insulation, as shown. .

Dunkle and Davey (1970) developed a continuous model for flow distribution. In
their model, the number of risers is supposed to be sufficiently large so that pressure
and flow rates vary smoothly along the manifold, and are accurately represented by
continuous functions. Dunkle and Davey set up a differential equation for the flow
rate in the output header, and were able to obtain a simple expression for this in
terms of hyperbolic functions.

Dunkle and Davey’s principal conclusion was that the key factor governing the
uniformity of the riser flow distribution was a number f relating the pressure drop
in the headers to the pressure drop in the risers. When f is large, flow is concentrated
in the risers closest to the manifold inlet and outlet (the end risers). When f is small,
flow is uniformly distributed among the risers. '

The model described here is more general than that by Dunkle and Davey, and
incorporates a number of features permitting a more accurate representation of flow
conditions. Firstly, we allow for Bernoulli effects on the flow distribution. These
effects are important in that they break the symmetry between the inlet and outlet
headers present in the model by Dunkle and Davey, making the outlet header the
more critical. Secondly, Dunkle and Davey assumed flow in the headers to be turbu-
lent at all flow rates, as a result of form turbulence induced by projections of the risers
into the headers. In a carefully constructed manifold this will not be the case, and so
we model the header flow according to its Reynolds number. Thirdly, following
Dunkle and Davey, we assume laminar flow in the risers, the pressure drop along
them varying linearly with flow rate. Here we add a quadratic term to the linear one,
in order to allow for pressure drop on entry to the riser, on traversal of the riser bend
(see Fig. 1) and on exit from the riser.
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In our discussion of manifold flow, we will be guided by the work of Bajura (1971)
and Bajura and Jones (1976). These authors have carefully considered flow in the
neighbourhood of branch points, such as those where risers meet headers. They
advocated the use of momentum conservation rather than energy conservation in
modelling flow near such points, on the basis that it is very difficult to allow properly
for localized heating effects around the junction as mechanical energy is lost through
viscous dissipation.

In order to show the physical origin of the various terms in the generalized flow
equations of Bajura and Jones (1976), we give a brief derivation of them in Section 4.
We also discuss how values may be chosen for the various flow parameters in the case
of a particular manifold which has been used in solar collector arrays. We write
the flow equations in a form amenable to numerical solution using a standard algo-
rithm for the solution of two-point boundary value problems in Section 5.
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Having thus developed a numerical method of calculating flow distributions, we
study in Section 7 the behaviour of these distributions in the chosen manifold. We
show that the parallel flow situation shown in Fig. 2 gives (in general) better flow
uniformity than the reverse flow situation (in which the flow in the outlet header has
the opposite direction to that in the inlet header). We also show that the ratio of
riser to header diameters is the crucial parameter governing flow uniformity. We
discuss the physical reasons for these and other facets of manifold behaviour. We
describe the method by which the flow distribution in the manifold was measured,
and compare the results of these measurements with the theoretical predictions.

2. Flow at a Dividing Branch Point

Consider the situation shown in Fig. 3. We take a control volume of length Ax,,
enclosing the junction between a typical riser and the inlet header. If L, denotes the
length of the inlet header, and N, the number of risers intersecting it, we choose

Ax, = L,/N,. 0y

The downstream and upstream surfaces 4,, and A4,, have a common area Ay,
while the riser section 43, has area 4;. We use v, to denote fluid speed at a typical
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point in A4, , and &, to denote the value of v; averaged over 4,;. We similarly define
v, and 5, for A;,. The mean riser speed is called v3. Following the terminology of
Bajura and Jones (1976), we introduce velocity components v, and v, for the fluid
entering the riser through 45, allowing for the fact that the fluid will not have changed
its direction of flow by 90° when it crosses this surface.

-« Ax, ——>
Inlet header
Fig. 3. Typical riser junction with the inlet header. The areas A1, 412 and

As,, together with the wall of the inlet header, define a control volume within
which the conservation of flow momentum is applied.

Let us write down the momentum equation for the control volume of Fig. 3,
considering only the x components of momentum. We must allow for losses of
momentum through drag forces associated with viscosity and with the roughness of
the side walls. Using P to denote pressure and Ty to denote the wall shear stress
associated with the above drag forces, we write

f PdA—f PdA—f Ty dA
A1 A2 SW
= f pv3 dA — J pv? dA + f pu,v, d4. )
A2 A1 A3

In equation (2), SW denotes that part of the header side wall lying within the control
volume, while the form of the third term on the RHS reflects the fact that we are
interested in the x component of momentum, where v, controls the mass of fluid
passing through 45, in unit time and p denotes fluid density.

We now rewrite equation (2) in terms of average velocities and pressures. To do
this, we introduce a correction factor for the axial flow of momentum

_ 1
T AT

8, f . B

At this stage we will allow for the possibility that §; may depend on x;. We also
introduce a correction factor for the axial momentum of fluid entering the riser

! f 0ot A )
A3z

10343

The third integral on the LHS of equation (2) is related to the pressure drop along
the length Ax, due to viscous and wall effects. This pressure drop is related to the
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Moody friction factor f; for the inlet header and to the square of the mean speed v
(Kenyon 1960):

f _TydA = g LN, )

where m; denotes the circumference of the header.

The Moody friction factor f; depends on the Reynolds number R; for flow in the
header, as well as the relative roughness of the header walls. A plot of f; against R,
for various values of relative roughness is termed a Moody diagram (see e.g. Hansen
1967). Assuming a value of 0-025 for the ratio of pipe roughness to diameter, we
adopt for the numerical examples given below the following variation of f; with R, :

f, = 64/R,  for R, < 2000, (6a)
= 0-009+(1-150x 10" %)R,  for 2000 < R, < 4000, (6b)
=0-055  for R, > 4000. o (60)

The expression (6a) corresponds to laminar flow, (6¢) to fully developed roughness-
dominated turbulent flow, while (6b) provides for a linear increase of f; from one
limiting value to another over the critical zone. The Reynolds number R, is connected
to the fluid viscosity u and its mean velocity 7, by

R, = pv; Dy/u, @

where D, is the diameter of the inlet header.
Returning to equation (2), we rewrite it in terms of mean pressures and fluid speeds,
while neglecting all terms of order two or higher in Ax;:

1dP, fimy | dBi) 2 _ do,
—— =+ — 0,5,— = 0. 8
p dx; +(8A1 _’_dxl)v1 + 1vldxl ®
In equation (8) we have
0y = 28— . O

To the same order of accuracy as in (8), we express the conservation of flow at the
junction as

ds, L,

by Ay = —A, —L =L,

(10)

It will be noticed in (8) that it is the changes in the axial momentum correction
factor B, which are more important than the actual value of §,. If there is an asym-
metric flow pattern entering the inlet header, then f, may well decrease until the
equilibrium flow pattern is attained. It is then possible to have df,/dx, negative for
small values of x;, so that the frictional loss term f; m,/84, can be reduced or even
reversed in sign. Bajura and Jones (1976) used the term df,/dx; to account for the
reversal of flow which sometimes occurs in poorly designed manifolds; we comment
further on this in Section 9. (This reversal of flow refers to the case when #; in Fig. 3
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is in fact negative, so that riser fluid enters the inlet header.) In our numerical exam-
ples, we will assume the velocity profile across each header to be independent of x,
leading to a value of zero for each df/dx.

Outlet header

- AX) ————

Fig. 4. Typical riser junction with the outlet header. The areas
Az, A5, and Aj,, together with the wall of the outlet header,
define a control volume within which the conservation of flow
momentum is applied.

3. Flow at a Combining Branch Point

Let us consider the conservation of axial momentum for the control volume shown
in Fig. 4, where we depict the situation for a parallel flow manifold. (We will not go
through the calculations for a reverse flow manifold here, but give only the final
differential equations from which the flow patterns may be deduced.) The equation
analogous to (2) is then

f PdA—f PdA—f Ty dA
A21 A2z swW
=f pv3 dA—f pv3 dA—-f pu, v, dA. (11)
A22 A2y A3z

We express velocity components in equation (11) in terms of mean fluid flow rates,
introducing the analogue of 6, for the outlet header

0, =2B,—7,. (12)

We also replace integrated pressures by the cross sectional area times the appropriate
mean pressure, and use the analogue of equation (5) to evaluate the third integral on
the LHS of (11). Retaining only zeroth and first-order terms in Ax, = L,/N,, the
equation expressing conservation of flow at the junction becomes

_ do, L,
=A,—= = 13
U3 A3 2dx2 N, 13)

while (11) yields an equation of the same form as (8):

1ﬂ+(m2 %)"’i +0,5, 5% = 0. (9
p dx,

84, dx, dx,




Parallel Connected Manifolds 203

At this stage in the analysis, there are four unknown functions, namely the pressures

P, and P,, together with the flow speeds #, and #,. However, the last two quantities

are related by a continuity equation ensuring that flow leaving one header enters the
other: '

v = (’_’1,0_.51)-'41/142, (15)

where 7, o is the average speed at the start of the inlet header.

Outlet header

? @ P, 8 Fig. 5. Pressure drop across a riser.
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- the pressures 131 and Fz at points (1) and (2).
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::t_':QA} point (1), and that at (2) it still has

the speed 73. Corrections are made for
the turning of the flow around points (1)
and (2).

o
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4. Pressure Flow Equations

Let us now consider the pressure drop across a riser. We write a Bernoulli equation
linking points (1) and (2) in Fig. 5, where it is assumed that transverse flow starts at
(1), and that at (2) it still has the speed #;. We introduce a coefficient cyp to account
for the pressure loss involved in the turning of the flow around point (1). (Here we
say that the pressure at a point just inside the riser is not Py, but P, —}p#3 crp due
to this turning pressure loss.) We also introduce a coefficient cy¢ as a correction for
turning loss around (2). (Here we say that the pressure at a point just inside the riser
on the outlet side is not P,, but P, +1pi3 cyc.) We denote the riser length and diam-
eter by L; and D; respectively, while the friction factor in the riser is f;. Also, an
additional coefficient K; is introduced to account for any pressure losses within the
riser not caused by friction. [Note that in Fig. 1 the risers havea 180°bend; K; = 2:20
is an estimate (Swanson 1970) of the loss coefficient appropriate to such a bend.] The
Bernoulli equation linking points (1) and (2) is then

P,/p = Py/p +195 +105(crp + K5 + f3 L3/D3 +¢10) .- (16)

Let us introduce a coefficient H; to account for all flow-dependent terms on the
RHS of equation (16):

Hy = 1+cepterc+Ks + f3L3/Ds. an
Let us also call AP, the differential pressure between the headers:
APyy/p = (Py—P,)/p = 1H, 3. (18)
We can use equation (10) to eliminate v; from (18):
AP =3H (—— —) . 19
12/p = 3H; AN, dx, (19)
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We can solve equation (19) for dv;/dx,, remembering that 5, must decrease as x,
increases (flow being lost from the inlet to the outlet header):
ds, N, A, 3 |
— = — ——2(2/pH;) (AP,,)?, 20
dx, L1A1( [pH3) (AP,,) (20)

where both H; and AP;, must be positive functions. We can combine equations (8)
and (14) to obtain for AP,

ld(APn) _ _{(f1 my Ly 4 dﬁl) +0,5, dvl}

p dx. 84, dx dx
fama Ly | dB, dvz}
—_ 0
+{( 8A2 + dx)vz + 2172 dx (21)
in which we use the non-dimensional length variable
x = x1/Ly = x,/L,. (22)

Let us now 1ntroduce the non-dimensional variables for flow speed and pressure
difference

v =0,/ 9, (23)
AP = APy,/pp? 4. ' 24)
From equation (15), we see that
Uy/ty 0 = (1—0)4,/A4,. 25)
From (22)—(24), equation (20) becomes
- - ey @y, 26)

dx
‘while-equation (21) becomes

d(AP)=_(f17t1L1 dﬁl) +(f2n2L2+%)(1—v)2::—§
2

dx 84, dx 84, dx
do do
—Olvd —02( ) (1- v)a 27

; Bajilfa and Jones (1976) wrote the pressure flow equations (26) and (27) in the
generalized form

do_ —Z(AP)*, : (28)

dx
d
d(dAxP)= — 4, 0%+ Ay(1—v) —Blud—v—BZ(l—v)—. (29)

Let us define
A, = N, A5/4,, (30)
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the area ratio of the total cross sectional area of the risers to that of the inlet header.
For the parallel flow manifolds considered thus far we have

Z = AQ[H), 6

fiLly dB, (szz dB, ( )
=1, 77 = 32a,b
A 2D, + dx ’ Az 2D, + dx) ’ (322,0)
B, =0,, B, = 62(D1/D2)4- (32c,d)

In equations (32), we have taken the case of headers of circular cross section, replacmg
Al by 4TCD1 al’ld A2 by InDz
In the case of reverse flow manifolds, the flow speed in the outlet header is not given
by equation (25), but rather by
02/0y,0 = vA4/4,. (33)

Equations (28)—(31) are unaltered, while (32) become

’ flLl fZLZ(Dl 4 dﬁl ( 1)4dﬁ2
, L22(71 -2 = 4
A= 2D, + 2D, Dz) T D, dx’ 42 =0, (342,b)

B = 91—(D1/D2)402, B, = 0. (34C d)

The pressure flow equatlons (28) and (29) have to be solved subject to the boundary
conditions

v(0) =1, () = 0. (35

Table 1. Dimensions of the solar collector manifold

The material is hard drawn copper; the header is
silver soldered to the riser joints; the heat transfer
medium is water

Description Dimension
Riser pipe internal diameter © 4-4mm
Header pipes internal diameter 17-1 mm
Spacing between risers 60.mm y
Total length of risers 2-9m ) '
Projection of riser ends into header <1lmm

5. Pressure Flow Equations for a Collector Manifold

Let us now consider the form taken by the pressure flow equations when the
various parameters are given the values appropriate to the manifold of Fig. 1, with
dimensions as in Table 1. Firstly, the length of each header is the same and is depen-
dent on the common number of risers intersecting both inlet and outlet headers

Ny=N, =N, (36)
Li=L,=L=%N. 37
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Secondly, in order to keep the temperature gradient across each riser uniform when
the flow pattern is uniform, the total volume flow rate of liquid Qy is scaled according
to the number of risers, being based on a typical figure in practice of 1 Lmin~! for
N =15,

il

Qr = 41D} by 0 = 75N x1:6667x 107> m3s™* . (38)

Thirdly, we assume the velocity profiles across each header to be stable within the
manifold,

dpy/dx = df,/dx = 0, (39
the constant values of f; and f§, being close to unity,
BB~ 1. (40)

From the work of Bajura and Jones (1976), the approximations (39) and (40) are
accurate for systems in which sharp bends do not occur in the header pipes leading
into and out of the manifold. It would be very difficult to calculate the coefficients
y, and y, as a function of junction geometry and flow rates, so we use estimates for
them based on previous experimental studies. From data by Bajura (1971), we estimate
7, to be close to unity, and largely independent of the ratio of riser to header flow:

01 = 2ﬁ1—‘)’1 4 1. (41)

Also on the basis of data by Bajura, we see that y, increases with a decreasing ratio
of riser to header flow

0, =2B,—y, ~ 2—0-12(xN). - 42)
We must also estimate the turning-loss coefficients c1p and ¢y occurring in equation
(17). Based on data by Bajura (1971), c¢1p & 0-4, and depends only weakly on N.

The data of McNown (1954) indicate that cqc is also close to 0-4. Combining these
estimates with that for K; (see Section 4), we see that

Hy = M +f3 L3/ Dy, (43)

where M ~ 4-0 is not strongly dependent on flow speed.

We cannot assume that the riser friction factor f; is independent of the flow speed
7;. Good design practice (as we shall see below) is to have the riser diameter D,
smaller than the header diameters D; and D,, and to keep the pressure drop across
each riser as small as that consistent with a good flow distribution. Well designed
manifolds thus maintain laminar flow in the risers, so that

f3 = 64/Ry = 64u/pt; D;. (44)
Using equation (10) we have
64uA, dx; N,

=3 11 45
15 pD, A, db, L, “45)

so that
64uly A3 N, dx

—_ 46
PD§A151,0 dv (46)
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Thus, in equation (28), dv/dx occurs on both the LHS and RHS. Defining
Ry 0 = 64u/pdy o Dy, 47)

we solve (28) for dv/dx to obtain

S = [Ryo(Ls Ny/D) —{(RE Lo Ny /D, +843 MAPY M. (49)

Using equation (48), we can now write our pressure flow equations in the standard
form suitable for numerical solution. Let the unknown functions be

»ix) = v(x), Y2(x) = AP(x),

which then satisfy the pair of coupled nonlinear differential equations

Yix) = Fi(,), Y2(x) = F,(y1,¥3), (49a,b)
where

Fi(y3) = [Ry,o(L3 N1/Dy) —{R3 o(L3 Ny/D,)* +84% My, }*12M , (50)
F,(31,2) = — Ay y} + A,(1= )% + {By yy + B,(1—yy)} ‘
2y, )*
X Ar( - . (51)
M =Ry o(L3 N1/D1){1/F1()’2)} ‘
Equations (49) must be solved subject to the boundary conditions
nO =1, »(1) =0. (52)

The algorithm used to solve the boundary value problem (49) and (52) has been
described by Haselgrove (1961).* It requires estimates to be provided for y,(0) and
y2(1). The initial estimates for these are based on equal flow in all risers:

(53)est = l_)l ,0 D%/ND% s (53)
yZ(O) lest = yl(o) Iest

If a preceding flow calculation has been made, the estimates (54) are corrected by the
factors by which the estimates for the previous calculation were in error. Thus, if a
whole series of similar calculations is being made, quite accurate initial estimates
for y,(0) and y,(0) are generated.

The numerical solution of equations (49) and (52) proceeds iteratively. In.all
cases of reverse flow essayed the iteration converged, while for parallel flow it failed
only in cases of highly non-uniform flow. The mechanism for the failure was that small
errors in P;(x) and P,(x) when these quantities were approximately equal resulted in
Pi(x) falling below P,(x). When the flow pattern developed this unphysical feature,
it was never able to converge.

3(M + f3 Ly/ D3)(D3/ND3)* . (54)

* The algorithm is widely available in the package of scientific subroutines supplied by the
Nottingham Algorithms Group in which it is called Algorithm DO2ADF,
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Once the iteration converges, the values of ,(x) and AP;,(x) are known at a set
of 20 or 30 mesh points x. The pressures P;(x) and P,(x) can be evaluated by
quadrature:

- * L

P,—P,, = —pﬁfof 91F1u+@uzdx, (55)
> £ 0 2D1

o D} [+ L _

Pz—p”:pu{o_;f 62F1(1—v)—f2 2(1—v)? dx. (56)
’ ’ D2 0 2D2

The expression (56) is for the case of parallel flow; for reverse flow, p should be
replaced by —p, and 1—v by v. Note that equations (55) and (56) furnish an extra
set of values of AP, ,(x), which can be used to check the set provided by the iterative
solution of (49) and (52).

6. Comments on the Flow Model

In the development of the model, we used a momentum-balance argument to
derive equations (8) and (14) for the variation of pressure along each header. An
alternative approach would have been to use the Bernoulli equation for each header,
neglecting transverse flow except in so far as it causes a change in header flow speed
at each riser junction. The resulting formalism is a particular case of that used here,
corresponding to the choices y;, = y, =0 and B, = f, = 1. It corresponds also
to the use of conservation of energy rather than conservation of momentum in
modelling flow near branch points (see Section 1). Note that the estimate used here
for 7y, is unity, while y, differs significantly from zero only for a large number of risers.

We should point out that the values of the parameters 6, 6,, ¢rp, ¢rc and K; used
here are estimates, based on (sometimes inadequate) data on manifolds in the literature.
However, our choices are justified by the good agreement obtained between theory
and experiment. Note that the most appropriate values may well depend on the flow
speed ¥y o.

The flow model by Dunkle and Davey (1970) is also a partlcular case of the model
used here. These authors took into account only frictional pressure losses, neglecting
pressure changes associated through the Bernoulli equation with changes in fluid
speed (i.e. 0; = 0, = 0 was used). They considered only parallel flow in a symmetric
manifold (L, = L,, D; = D,), and assumed the flow to be turbulent in the headers
(f; = f> = findependent of flow rate) and laminar in the risers (f3 = 64/Rj).

As we shall see in Section 7, in the manifold of Fig. 1 friction effects generally
exceed Bernoulli effects on pressure, but the latter are by no means negligible in
comparison. The flow model by Dunkle and Davey is then only a first-order approxi-
mation, giving flow patterns more uniform than those predicted by our more sophisti-
cated model. Their model does, however, have the virtue that it can be solved analyt-
ically, without recourse to an iterative integration technique for solving a boundary
value problem. Note that the computation times associated with both models are
sufficiently low to permit economical real-time computer calculation of flow patterns.

As a final point, the flow model is a continuous one, with the number of risers N
being important only in so far as it affects the total flow rate Qr (equation 38) and
the common header length L (equation 37). If L and Qg are held constant, then
variation of N has no effect on the computed flow patterns. Of course, in an actual
manifold, this would not be the case, since the various flow parameters appropriate
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at each riser junction would be affected by the conditions prevailing around all other
riser junctions. Yet, for a fairly large number of risers (say N in excess of 10 or 15),
we would expect the error inherent in using a continuous rather than a discrete model
to be small.

7. Results for Collector Manifolds

We concentrate here on the manifold design given in Table 1. For each set of
manifold conditions, we give two graphs, one showing the relative flow rate in
the risers as a function of distance along the headers, the other showing the inlet
and outlet header pressures as a function of distance. (Note that the quantity graphed
as riser flow rate is actually that quantity multiplied by the number of risers. Thus,
in a manifold with an entirely uniform flow distribution, the plotted quantity would
be exactly equal to one at all values of x, irrespective of the number of risers.)

Figs 6-9 show the flow patterns in the manifold for between 15 and 60 risers, and for
water temperatures varying between 30° and 120°C. The water temperature affects the
flow distribution through its slight effect on density, but principally through its effect
on viscosity. With increasing temperature, the viscosity decreases, and so the Reynolds
number for a fixed fluid speed increases. Thus, the friction coefficient f; for the laminar
flow in the risers decreases, leading to a lower pressure drop across the risers. The
variation of pressure along the headers does not vary greatly with viscosity (since,
although the pressure drop along the section of laminar flow decreases, turbulent
flow begins earlier in the header, tending to increase the pressure drop along the
remainder of the header). Increasing the water temperature thus decreases the
pressure drop in the risers relative to that in the headers, and this results in less
uniform flow.

We have just alluded to the most 1mportant principle concerning flow in manifolds:
if there is to be uniform flow, the pressure drop across the risers should significantly
exceed the pressure drop across the headers. This principle was discussed previously
by Dunkle and Davey (1970). It is readily understood physically—think for example
of the pressure curves of Fig. 9b representing voltages across a set of fixed resistors
and the curves of Fig. 9a representing the corresponding currents. For low values
of N, the principle is satisfied, the voltages being practically uniform, and the currents
in their turn varying little. For high values of N, the pressure drops across risers and
headers become comparable, so that voltages and currents vary markedly.

Note that the curves of flow rate are not symmetrical about x = 0-5. In the
model by Dunkle and Davey (1970), Bernoulli effects were ignored, the inlet and outlet
headers were on an equal footing, and flow curves were always symmetrical. In our
model, the inclusion of Bernoulli effects breaks the symmetry. We thus arrive at a
second important principle, already enunciated by Bajura and Jones (1976):
manifolds where Bernoulli effects on pressure are significant, the outlet header is more
critical than the inlet header. This also is readily understood physically: in the inlet
header, flow is dropping off continually, leading to a Bernoulli regain of pressure
opposing the frictional loss, whereas the increasing flow in the outlet header leads to
a Bernoulli drop in pressure, reinforcing the frictional loss.

In the manifold of Fig. 1, frictional effects exceed pressure changes ass001ated with
the Bernoulli equation, but the latter are quite significant. Thus if different header
diameters are contemplated, the diameter of the outlet header should exceed that of
the inlet header. We will consider several asymmetric manifold designs below.
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In Table 2, we summarize the performance of this manifold at the four temperatures
30°, 60°, 90° and 120°C. We give the flow ratio (the ratio of minimum to maximum
riser flow rates) and the head loss (the total pressure drop across the manifold) as a
function of the number of risers for each temperature. The minimum tolerable value
for the flow ratio is a matter of judgment and will vary from case to case, but from
Table 2 we see that (for the temperature range considered) 45-60 risers can be con-
nected in parallel before the riser flow rates vary by about 2 : 1.

Thus far, we have considered only manifolds with parallel flow. In Fig. 10 we
show curves corresponding to those in Fig. 7, but now for reverse rather than parallel
flow. Except at the lowest flow rate (N = 15), flow uniformity is worsened by going
from parallel to anti-parallel header streams. The fact that frictional losses of pressure
in the manifold exceed Bernoulli pressure changes means that parallel flow is preferable
to reverse flow.

The flow patterns in Fig. 10a are quite different from those in Fig. 7a. In Fig. 105
both inlet and outlet headers have their regions of most rapid pressure variation near
x = 0, and so there is a monotonic decrease in riser flow rate as x increases. In Fig. 7b,
the inlet pressure varies most rapidly near x = 0, where this header has maximum
flow. The outlet pressure varies most rapidly near x = 1, again where the flow is
maximal. Thus, there are two peaks in the riser flow rate, with the larger occurring
at x = 1-0 because of the predominance of the outlet header. The minimum riser
flow rate thus occurs slightly below x = 0-5. Note that the minimum flow rates in
Fig. 7a tend to be slightly higher than their counterparts in Fig. 10a, while the maximum
flow rates are lower in Fig. 7a. It is clearly desirable in these manifolds to have two
separate regions of flow non-uniformity, rather than having the non-uniformities add
up in one region.

We compare the reverse and parallel flow manifolds in Table 3. Note that head
losses are lower for reverse flow than for the parallel flow geometry (so that pumping
power requirements would be lower for reverse than for parallel flow). The reason
for this difference in head loss is that, for the reverse flow arrangement, the flow in
both headers decreases quite quickly as x increases from zero, leading to a shorter
‘effective length’ of the headers for frictional losses than in the parallel arrangement.

In assessing the importance of the head-loss advantage for the reverse flow con-
figuration, it should be remembered that the actual head losses are quite small, and
may be insignificant compared with head losses elsewhere in the collector system.
Secondly, the worse flow patterns for this arrangement would result in a smaller
number of risers capable of being placed in parallel, and thus a greater length of
interconnecting pipes (with a greater head loss along them) for a given number of risers.

Bearing these points in mind, we limit the manifold studies below to the parallel
flow arrangement. We complete our investigation of the manifold of Table 1 by
illustrating its behaviour in Fig. 11 for a flow rate of 2 L min ! rather than 1 Lmin .
As Table 4 shows, doubling the flow rate more than doubles the head loss, but it
decreases the number of risers at which a given flow ratio occurs by around 209, in
the critical region (where flow ratios are around 0-5).

Consider the effect of increasing the riser internal diameter from 4-4 to 7 7 mm.
In Fig. 12 we illustrate the resulting flow patterns for the parallel configuration (with
a water temperature of 120°C). In Table 5, we compare the performance of the parallel
and reverse arrangements. It will be noticed that the flow ratios for the two arrange-
ments are much closer here than in Table 3, as a consequence of Bernoulli effects now
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being larger in comparison with frictional head losses. Comparing Tables 2 and 5, we
see that the increase in riser diameter has had a dramatic effect in worsening flow
patterns: as a corollary to the most important principle of design enunciated above, the
ratio of riser diameter to header diameter is the most important choice in the design of a
collector manifold. The numbers of risers for corresponding flow ratios have decreased
by the riser diameter ratio to a power of about 1-6 in going from Table 2 to Table 5.

Let us now consider the behaviour of manifolds in which the diameter of the outlet
header exceeds that of the inlet header. In Fig. 13 we show the flow patterns for a
manifold having an outlet diameter of 23-0 mm, and an inlet diameter of 17-1 mm.
It will be noticed that pressure changes in the inlet header now exceed those in the
outlet header (the opposite ordering having prevailed in all other manifolds con-
sidered above). In Table 6 we compare the behaviour of the manifold with one
having the inlet header diameter reduced to 13-8 mm. The flow patterns are signifi-
cantly worse, since we have increased the ratio of inlet to outlet header pressure
drops even further. We suggest that an optimal manifold design would have the inlet
and outlet header diameters chosen to equalize their pressure drops.

8. Comparison with Experiment

An array of evacuated collectors with dimensions as given in Table 1 was construc-
ted in order to provide data for comparison with the preceding analysis. For conven-
ience, 15 risers were grouped together into panels. The panels were connected
together with short lengths of flexible hose of 20 mm internal diameter, the risers in
adjacent panels being separated by 160 mm. Each riser was enclosed by an all-glass
evacuated solar collector tube and connected to it thermally by a heat transfer fin
(Fig. 1). The tubes were very similar in characteristics, so that the same heat input
was made into each riser. ’

Flow rate in the risers was not measured directly, but deduced by measurement of
the temperature rise. An inverse relation between flow rate and temperature rise will
hold provided that the temperature rise is sufficiently small so that isothermal flow is
still a good approximation. As the quantity we are interested in is the flow ratio (FR)
and not the absolute value of flow, the precise relation between temperature rise and
flow rate is not required. This measurement procedure is not only more convenient
than a direct measurement of the flow rate but avoids perturbations to flow due to
the introduction of any measurement impedance.

The temperature rise was measured by a set of copper—constantan thermocouples
wired as differential pairs, with constantan being used as the intermediate metal.
Every third riser was monitored and the thermocouples were scanned by a digital
data logger so that plots of riser number against temperature rise could be obtained
in a few seconds at any desired time. The zero levels of the thermocouples were
adjusted to give consistent readings. Measurements were made with parallel flow for
riser numbers of 30, 45 and 60, and temperatures of 20°, 30° and 60°C, with flow rates
of 1 and 2 Lmin~" for each panel of 15 risers. One measurement was made with
reverse flow at 20°C for the case of 60 risers and 1 L min~! flow rate.

Comparison of the experimental variation of flow rate with position in the array
is made in Fig. 14 for parallel flow. The agreement between theory and experiment
is excellent. In particular, the asymmetry of flow about the centre of the array is
quite evident in the experimental points. A slight deviation of the last experimental
measurement may indicate an end effect which is not included in the theory.
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Fig. 15. As for Fig. 14, but with reverse flow.
Table 7. Comparison of calculated and measured flow ratios at various temperatures, flow rates O
per 15 risers and number of risers V
N 20°C 30°C 60°C 60°C
Q = 2Lmin™? Q = 1Lmin™? Q = 1Lmin™* Q = 2Lmin"!
Expt Theory Expt Theory Expt Theory Expt Theory
30 0-85 0-84 0-89 0-90 0-87 0-84 0-70 0-74
45 0-73 0-66 0-76 0-76 0-65 0-65 0-50 0-51
60 0-53 0-47 0-59 0-58 0-47 0-46 0-30 0-31
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The corresponding comparison for reverse flow is made in Fig. 15. The agreement
is again excellent, the only significant deviation being the first measured point, which
may be subject to an end effect. The superiority of the parallel flow over the reverse
flow configuration is evident by a comparison of the experimental results of Figs 14
and 15.

In Table 7 we compare the theoretical predictions with experimental measurements
of the flow rate for the manifold of Table 1. The accuracy of the experimental values
is estimated to be +0-02. The agreement between theory and experiment is on the
whole excellent. All the theoretical predictions concerning the variation of flow ratio
with temperature, number of risers and flow rate are confirmed by the measurements.

9. Effect of Temperature on Flow Distribution

The theoretical model described above is an isothermal one. It is possible.to
estimate the pressure differences across risers associated with heating of the fluid in
them, in order to compare them with the isothermal pressure differences. For a
U-shaped riser tube with arms of length / inclined at an angle ¢ to the horizontal,
the pressure difference due to a density difference in the arms is

AP = glsind(p; —p,), (57

where p, and p, are the average densities in each arm. Taking a typical case in which
[ =1-45m, ¢ = 34° and the temperature rise across the riser is 20°C, we find AP
to be 16 Pa.

The pressure differences in Figs 613 are around 150 Pa or greater. Thus the head
due to density differences (thermosiphon effects) does not play a major part in deter-
mining the flow distributions we have considered above.

Let us now discuss a manifold for which the risers are larger than the headers.
We have considered numerically a manifold with the risers of internal diameter
13-3 mm and the headers of diameter 120 mm. With a flow rate of 1-25 L min™! per
15 risers, the flow ratio decreased very rapidly with increasing number of risers,
having the value 0-15 for N = 10. With the large riser diameter the pressure differ-
ences between headers were small, for example 2+9 Pa-for N = 10. For this manifold
then, the thermosiphon effects are most important.

Such a manifold has been constructed and its flow distributions studied qualita-
tively at various flow rates. At a flow rate of 1-:25 L min™" per 15 risers and N = 20,
flow was observed to be very fast in the outer risers of the array and very slow in the
middle third of the array. On increasing the flow rate to 2:25 L min~! the flow in the
central regions deteriorated and, in fact, flow reversal was observed in one riser (number
13 from the inlet). The thermosiphon effect was present in this experiment as the
risers were contained in evacuated tubular collectors exposed to solar flux, but clearly
this cannot be the mechanism for the onset of counter flow with increasing flow rate.

The occurrence of counter flow in manifolds has been noted previously. Bajura
and Jones (1976) stated that this flow reversal may occur near the inlet of a manifold,
due to the presence of out-of-plane bends in the inlet pipework. Such bends give rise
to velocity profiles which depend on x for small x, so that allowance must be made -
for nonzero dB/dx in equations (32). Bajura and Jones stated that this momentum
correction term in (32) is the only mechanism by which the flow reversal phenomenon
can be explained analytically. However, this correction term is expected to be zero
in the central region of the manifold in which we observed reversal of flow.
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Note that a local change in the area of either header pipe near a riser would affect
the pressure drop across that riser. The fractional change in area of a header which
corresponds to a change in pressure of 2-9 Pa with a flow rate of 225 Lmin~! is 6 %.
Area changes larger than this would cause reversal of flow in the manifold. We
consider this to be the explanation of our observations.

‘Window and Harding (1982) have discussed the effect of density changes on flow
in a solar collector manifold containing a small number of risers. Thermosiphon
effects were found to improve the flow uniformity, as would be expected. = Their
measurements showed that, in the isothermal case where the manifold was practically
horizontal, the flow patterns were qualitatively similar to those we have calculated
for manifolds in which Bernoulli pressure changes exceed those due to friction.

Although thermosiphon effects can help to balance the flow in manifolds in which
reversal of flow does not occur, it cannot be relied on to overcome reverse flow when
it does occur. Once reverse flow has been established in a riser, thermosiphon effects
will reinforce rather than counter the trend. Experiments carried out on a single
upright U tube inclined at 34° to the horizontal and inserted into an evacuated tubular
collector (Fig. 1) showed that thermosiphon flow could indeed be established in either
direction. Thus, in order to obtain a manifold in which reversal of flow will never
occur, with or without thermosiphon effects present, a good isothermal flow pattern
is necessary.

10. Conclusions

We have developed a model for isothermal flow in parallel connected solar collector
manifolds based on the work of Bajura and Jones (1976). The predicted flow patterns
are in excellent agreement with experimental results. This good agreement justifies
the use of a continuous model and verifies our estimates of the critical flow parameters.

The implications of the model for the design of such manifolds have been examined.
Among the main conclusions are the importance of the ratio of riser to header

“diameter and the potential advantages to be gained from a manifold in which the
outlet header diameter exceeds that of the inlet header. We note that well designed
manifolds permit satisfactory flow uniformity with at least 60 risers in parallel. An
equally important conclusion is the superior flow uniformity obtainable with parallel
as opposed to reverse flow streams in the header pipes.

Thermosiphon effects become important in manifolds with large non-uniformity
of flow and when pressure drops across risers are of the order of 16 Pa in the manifolds
considered. Under these conditions reversal of flow in risers can easily occur due
to imperfections in the manifold construction.
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