
t1) Pergamon 

Solar Energy, Vol. 52, No.3, pp. 289-300, 1994 
Copyright © 1994 Elsevier Science Ltd 
Printed in the USA. All rights reserved 

0038-092X/94 $6.00 + .00 

FLOW DISTRIBUTION IN MANIFOLDED SOLAR 
COLLECTORS WITH NEGLIGIBLE BUOYANCY EFFECTS 

G. F. JONES** and NOAM LIOR * t 
**Department of Mechanical Engineering, Villanova University, Villanova, PA 19085, U.S.A. * Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, 

Philadelphia, PA 19104-6315, U.S.A. 

Abstract-To understand the influence of collector design parameters on the flow distribution among the 
solar collector absorber tubes, and as a first step to any detailed analysis of the influence of flow on heat 
transfer in the collector and on its consequent thermal performance, this study investigates the distribution 
of flow through a typical system consisting of two manifolds connected by a number of parallel riser tubes. 
No thermal effects, such as buoyancy, are taken into account. A discrete hydrodynamic model was developed 
for this system, and the resulting set of simultaneous nonlinear algebraic equations was solved numerically 
for 54 different combinations of the major independent variables. Quantitative flow distribution results are 
presented. In the investigated range, it was determined that the three parameters which have the major 
influence on flow distribution are, in the order of significance, the ratio of riser diameter to manifold diameter, 
the number of risers, and the length of the risers, with maldistribution increasing with the increase of the 
first two and with the decrease of the third one. To demonstrate the most dramatic influence, changing the 
value of d,/d; from 0.25 to 0.75 causes the peak riser flow excess above the average flow to increase 100-
fold: from 5% for the first diameter ratio, to 500% for the second. Consistent with his finding, pressure 
changes in the system arising from inertia in the manifolds become larger than the frictional pressure changes 
in the risers when the riser tube length-to-diameter is decreased below about 75, causing large flow maldis­
tribution. Predictions from the model are successfully compared with limited experimental data and with 
the closed-form solutions of two existing models. 

1. JNTRODUCfiON 

The thermal performance of flat plate solar collectors 
depends on the local internal flow rates of the heated 
fluid distributed through the tubes attached to (or in­
tegrated within) the absorber plate, as well as through 
the individual collectors in a collector bank piped in 
parallel by common manifolds. The few studies per­
formed on this subject so far have conclusively shown, 
by comparison with experiments, field data, and the 
predictions of the Hottel-Whillier model (which as­
sumes uniform absorber temperature), that collector 
or collector-array efficiency decrease as the uniformity 
of flow distribution diminishes[ 4,8, 10,12, 16,18,22]. 

Very little, basically contained in the articles by 
Dunkle and Davey[lO], Jones and Lior[13,14], Men­
uchin et a/.[18], Wang and Yu[21], and Wang and 
Wu [ 22], has been published on the prediction of flow 
distribution in solar collectors and on the sensitivity 
of the flow distribution to the collector design param­
eters. The flow distribution in solar collectors is some­
what affected by the thermal conditions, through the 
advent of buoyancy-driven flows and through tem­
perature dependence of the thermophysical properties. 
As addressed by our past work [ 13], these effects com­
plicate the analysis significantly, but have negligible 
influence on collector efficiency when the heat transfer 
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coefficients and Peclet numbers in the risers are large, 
as they usually are in solar collectors ( cf. Jones [ 14]). 
The objective of this study is to present, as a first step, 
an appropriate, experimentally validated isothermal 
model and to provide a sensitivity analysis and design 
recommendations for conditions typical of solar col­
lectors in the which the fluid is distributed through a 
manifold system. If the temperature rise in the collector 
is relatively small, as it often is in practice, an isother­
mal analysis may be of sufficient accuracy even without 
correction for thermal effects. 

Past flow distribution work has focused on single 
manifolds in combining or dividing flow and on con­
nected combining and dividing manifolds (hereafter 
an assembly of parallel risers connected by outlet and 
inlet manifolds would be referred to as a "dual-man­
ifold system" ) . The results of the analysis for the latter 
geometry can be applied directly to solar collector work. 

The fluid mechanics of flow branching are well un­
derstood in principle ( cf. McNown [ 17 L Acrivos et 
a/. [I], Dunkle and Davey [I 0], Bajura [ 2], Bajura and 
Jones[3], Datta and Majumdar[9], Pigford et a/.[19], 
Bassiouny and Martin[5,6], Hager(! I], Shen[20]). 
The dual-manifold system geometry considered here 
is shown in Fig. I. Briefly, as the fluid passes through 
a branch region in the inlet manifold, mass and mo­
mentum conservation require that the downstream 
velocity decreases and pressure increases. The increase 
in pressure is then offset to some extent by frictional 
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effects which occur in the length of manifold that con­
nects two adjacent branch regions. In the outlet man­
ifold both the combining flow from the risers and the 
frictional losses in non branch regions cause a decrease 
in pressure in the direction of flow. Finally, an energy 
balance on each riser tube requires that the flow rate 
be related to the difference in pressure between the 
inlet and outlet manifolds at the location where the 
riser is connected to them. 

In the past, two analytical approaches have been 
taken to describe the flow distribution process at a 
branch region: 
I. Differential-where the simplifying assumption of 

continuous removal (or addition) of flow from (or 
to) the manifolds through a porous strip or slot 
running along the entire inlet and outlet manifolds 
is made ( cf. Bajura [ 2 1, Bajura and Jones [ 3 1, Datta 
and Majumdar[9], Bassiouny and Martin[5,6], 
Hager[ II], Shen[20]). 

2. Discrete-where flow is assumed to be removed 
(or added) at specific locations (at which the risers 
are connected) along both manifolds, as it occurs 
in reality ( cf. Jones and Lior[12], Acrivos eta!.[ I], 
Pigford et a/.[191). 

The advantage of the continuous over the discrete for­
mulation is the possibility of getting analytical solu­
tions, and specifically the ease by which bounding so­
lutions to limiting cases can be found in terms of el­
ementary functions. In addition, the problem of 
determining accurate pressure regain coefficients, 
which are required for the discrete formulation, can 
possibly be eliminated. Although this type of formu­
lation is usually adequate to indicate general trends in 
many types of practical collector designs, the results 
may not be quantitatively valid since usually the num-
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ber of risers is relatively small. In the work by Acrivos 
et a!. [I 1 the problem was approached with a discrete 
model applicable only to single combining or dividing 
manifolds. 

Specifically related to flow distribution in solar col­
lectors, Dunkle and Davey[I01have analyzed it using 
the continuous formulation. They found experimen­
tally that peak collector fluid temperatures 50% greater 
than outlet temperatures can be realized in collector 
banks due to unequal cooling caused by nonuniform 
flow distribution, with a subsequent anticipated re­
duction in collector thermal efficiency. Discrete for­
mulations of the problem are only those by the authors 
and later by Wang and coworkers: Jones and 
Lior [ 12 1 developed and analyzed the results of a dis­
crete model for isothermal flow in solar collector dual 
manifolds, which is the basis for this article; using the 
model of Jones and Lior, Wang and Yu[211have suc­
cessfully compared the predictions of the model to ex­
perimental observations of pressure distributions re­
ported 14 years earlier by others. They have also used 
the model to conduct an analysis of the sensitivity of 
maldistribution to the major geometric and flow pa­
rameters of the system, and to the pressure-regain and 
energy-loss coefficients. Most of their results are in 
agreement with those of the previously published lit­
erature, with the exception of a puzzling experimental 
result showing that the pressure difference across most 
of the risers is zero, indicating no flow in these risers. 
No description is given of the experimental technique 
used, and an instrumentation /measurement error is 
likely when measuring the very small pressure differ­
ences along the manifolds. 

Also based on the Jones and Lior[l21model for 
flow distribution in a single collector, Menuchin et 
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Fig. I. Schematic for the dual-manifold system hydrodynamic model. 
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Fig. 2. Momentum balance in single branch of inlet manifold. 

a/. [18] computed the effects of flow distribution and 
of other parameters on parallel- and series-piped solar 
collector arrays. More recently, Wang and Wu[22] 
developed a simplified and less general thermal per­
formance model for parallel-piped solar collectors 
having common manifolds (this is one of the ways to 
parallel-pipe an array) and at least partially verified it 
by experiments using 16 collectors each having 10 ris­
ers. They found strong maldistribution in this array, 
with almost all ofthe flow passing just through the first 
and last collector when a parallel-flow configuration 
( "Z" -array) was used, and almost all of the flow passing 
through the first collector when a reverse-flow config­
uration ("C"-, or "U"-array, the parallel-flow config­
uration is sometimes referred to as "reverse return," 
and the reverse configuration as "direct return.") was 
used. As mentioned above, this flow maldistribution 
and the effect of heat transfer to the manifolds were 
found by them to cause an efficiency drop of about 
40% when compared to the predictions of the Hottel­
Whillier model. Clearly, such high maldistribution is 
undesirable, and indeed most array designers know 
better than to pipe the collectors in the way done in 
these experiments. Remarkably, their experiments have 
shown that the pressure in the outlet manifold was 
higher than that in the inlet manifold in all but the 
two end collectors in the Z configuration, and in all 
but the first collector in the U configuration, a phe­
nomenon which the authors speculatively attributed 
to natural convection effects. This observation is highly 
unlikely in our opinion, and probably is due to sys­
tematic instrumentation or measurement error. 

It is clear that a more definitive and accurate study 
and modeling of flow distribution in typical solar col­
lectors, to determine which of the collector design 
variables influence flow distribution and at the same 
time to specify values for those variables which ensure 
minimal flow maldistribution, is necessary. This study 
addresses these objectives. 

2. THE HYDRODYNAMIC MODEL 

Consider the case of one-dimensional, incompres­
sible, isothermal forced flow of a fluid passing through 
a branch region as shown in Fig. 2 for a dividing branch 
of the manifold depicted in Fig. 1. The configuration 
and notations for a combining branch are analogous. 
Since, as described above, detailed models of general 
manifold flow distribution are available in the litera­
ture, only a brief description of the model presented 
in this article is given below. 

The first two modeling assumptions stated above 
are admissible for low speed liquid flow within straight 
and relatively small-diameter flow passages. The third 
assumption permits the effect of density and transport 
property variations caused by temperature gradients 
within the fluid to be ignored. Usually the most serious 
errors that this assumption generates is that it ignores 
the effect of buoyancy on the flow distribution, which 
may become important in solar collectors that are not 
horizontal in a gravity field and are operated with small 
fluid flow rates. In such cases this assumption generates 
solutions which predict the highest maldistribution be­
cause the flow-starved risers will, in general, become 
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warmer than the others, giving rise to onset of natural 
convection inside the tubes, which would then tend to 
diminish the flow maldistribution to some extent. The 
solution ofthe nonisothermal problem with buoyancy 
effects is significantly more complex and is beyond the 
scope of this study; a specific solution presenting some 
limiting cases was developed by the authors (Jones and 
Lior[l3]). 

Referring to the symbols in Fig. 2 and adding the 
assumption that the diameters of the inlet and outlet 
manifolds are the same (do = d; ) and that t = d, the 
momentum equation for a branch control volume is 
written as 

!Y.PJ,l = 2 2 ( d,)l 
P V1+1.1 - V1.1 + vbJ,l v,,1 d; 

where the third term on the right accounts for the loss 
of momentum in the manifold from the flow branching 
to the riser. The last term on the right accounts for 
friction in the branch assuming that the characteristic 
velocity is the mean of the branch upstream and 
downstream values. The surface area of the branch is 
taken as the surface area of the manifold less that due 
to the connection with the riser. In eqn ( Ia), all ve­
locities are assumed to be cross-sectionally uniform. 
Any deviations from this last assumption will be ac­
counted for in the empirical pressure regain coefficients 
discussed below. 

In dimensionless form, the momentum and mass 
conservation equations are written for each branch 
control volume, as 

!Y.PJ,I = ( l + aJ,I) VJ+I.I - ( l - aJ,I - "{;) 

(!b) 

(2) 

and 

. . (d')2 . 
vj+l.2 = J-J.2 + d; v,.1, (4) 

where the subscript j denotes the region under consid­
eration (Fig. l ) . The second subscript has values of l 
or 2 for the inlet and outlet manifold, respectively. 

The following definitions are used in the above and 
following equations. 

. p 
P=-v2 , 

p i 

. v 
V=­V:-, 

I 

!Y.PJ,k = PJ,k - PJ+I,k, k = I, 2, 

(5) 

(6) 

where jj,k is the Darcy friction factor corresponding to 
average branch velocity. 

The terms 'Y; and 'Yo are pressure regain coefficients 
where 

vbj,l "(; =v· 
),I 

vbj,2 
'Yo=--, 

J-i+ 1,2 

(7) 

The pressure regain coefficient 'Y; accounts for the 
transport of momentum from the manifolds to the ris­
ers. Likewise, 'Yo accounts for momentum (in the di­
rection of outlet fluid flow) transport from the risers 
to the outlet manifold. 'Y; and 'Yo are known for a given 
d,l d; ratio, riser tube spacing, and V, ( cf. Bajura and 
Jones[3]). Typically, "f; is in the range of0.8 to 1.1, 
and 'Yo is about 0. 

To determine the pressure distributions in the non­
branch regions (manifold lengths which have no side 
openings) ofthe manifold and in the risers, a modified 
Bernoulli equation is employed. For the nonbranch 
region the equations become in dimensionless form 

!Y.P}.k=P1.k-P1+l.k (8) 

= ~ f}.k(n:;- t) V],k, k = I, 2, 

where /J.k is the Darcy friction factor in nonbranch 
regions of the manifold, based on velocity CJ.k· For the 
riser the equation in dimensionless form becomes 

.• _ I ( he) · ·2 MJ - 2 I + k + fr.J--;£ sgn( V,,1) V,,1. (9) 

The term k accounts for energy losses due to entrance 
and exit effects, /,,1 is the Darcy friction factor based 
on the average velocity in the jth riser tube, and 
sgn ( V,,1) is +I for upflow in the riser (i.e., V,,1 > 0), 
and is -I for downflow. In eqn (9) the pressure change 
due to hydrostatic head in nonhorizontal manifold 
systems has been ignored because it has no effect on 
the flow distribution. 

All Darcy friction factors were evaluated by the im­
plicit Colebrook equation ( cf. White [ 23)) for flows in 
which Re > 3000, and were made equal to 64 IRe for 
Re < 2100. In the transition regime they were obtained 
by linear interpolation between the value obtained from 
the Colebrook equation for Re = 3000 and the value 
of 64 I 2100. The relative roughness factor in the Col­
ebrook equation was set midway between that for clean 
copper tubes and steel pipes. 

Finally, since the pressure at any location within 
the dual-manifold system is single-valued, the net 
pressure change around any closed flow loop is zero. 
For parallel-flow dual-manifold systems this is ex­
pressed by 

lsjsn-1, (10) 
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where the average pressure in a branch region is as­
sumed to be the average of the pressures at the inlet 
and outlet of that branch. This is a reasonable as­
sumption in light of the fact that the pressure distri­
butions in the manifolds are linear in both branching 
and nonbranching regions, for any small distance in 
the flow direction (cf. Datta and Majumdar[9]). 

Inspection ofeqns (1)-(9) shows the flow distri­
bution to be characterized by four dimensionless pa­
rameters, n, d,l d;, h,l d, and wInd;. In addition, the 
flow rate at the inlet to the system also has some effect 
through the flow-rate-dependent friction factors in 
eq ns ( 5 ), ( 8 ) , and ( 9). 

By inspection ofeqns (I )-(9) it is possible to obtain 
insight into the effects ofn, d,ld;, h,ld, and wind; 
on the flow distribution. For small d,l d; and n not 
large, the results presented in section 4 below show 
that uniform flow distribution is approached [since 
V,.1 - (lln)(d;/d,) 2 , 1 :=;;j :=;; n]. Inspection ofeqn 
(9) shows that nand d,ld; enter the problem as n 2 

and ( d,l d; )4
, respectively. This leads to the expectation 

that in the range of parameters considered, flow dis­
tribution depends strongly on both n and d,l d;. The 
variable w 1 n d; affects the problem only through the 
product !J.k(wlnd;- d,ld;) as indicated in eqn (8). 
Since f ~.k is typically on the order of 0.03, only large 
values of wl nd; will make flow distribution sensitive 
to this parameter. The term h,l d, appears in eqn ( 9) 
as a product with J,,1. The flow distribution is thus 
insensitive to h,ld, for h,ld, < ( 1 + k)IJ,,1 = 75 at 
typical values of k andJ,,1. In most flat-plate collectors, 
however, h,l d, is normally at least 150, and hence, 
flow distribution depends strongly on h,l d,. The above 
qualitative observations will be revisited quantitatively 
below during the discussion of the results of this anal­
ysis. 

0.40 
..-... 
'"d 

Equations ( I )-( 4) and ( 8 )-( 10) compose a system 
of ( 8n - 3) equations in 8n unknown quantities. The 
three additional equations needed are the boundary 
conditions 

( 11) 

and for parallel flow 

( 12) 

For reverse flow, the latter two conditions are 

Vn+I,2 = Vn+l,l = 0. ( 13) 

The resulting system of nonlinear algebraic equa­
tions was solved numerically by the Newton-Raphson 
method with LU decomposition (Carnahan eta!. [ 7]). 
The convergence criterion used was that the difference 
between two successive calculations of the riser flow 
rate had to be :=;;0.1% for all risers. 

All computations were performed on a 486 DX-
33MHz personal computer. Typical run times were 1 
min or less for manifold systems having eight risers. 

3. MODEL AND PROGRAM VALIDATION 

The model [eqns ( 1 )-(9)] and its solution method 
are validated by comparing the numerical results with 
the data reported by Wang and Yu[21J(no other ex­
perimental data were found). The experimental data 
are n = 10, d; = do = 13 mm, d, = 6.5 mm, w = 30 
em, h, = 1.12 m, 'Yo = 0.0, and k = 1.0. Coefficient 'Y; 
was not given in the article by Wang and Yu[21], so 
a sensitivity analysis was performed for 'Y; in the range 
of0.8 to 1.1, recommended by McNown[17]and Pig-
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Fig. 3. Comparison of results from model with experimental data reported by Wang and Yu[21]. The 

flow rates are: Low flow= 1.891/min; high flow= 16.61/min. 
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ford et a/. [ 19], and it was found that 'Y; = 1.1 produced Table I. The computed cases 
the best overall agreement with the experimental data. 
Since the total flow rate is also not reported in the Case d,(cm) n Re U or Z array 

study by Wang and Yu [ 21] , and since it is known that I 0.635 4 3210 z 
the pressures in the manifolds are only weakly sensitive 2 0.635 4 9640 z 
to total flow rates, we have made the computations for 3 0.635 4 16100 z 
a low flow case of 1.89 e (min and a high flow case of 4 0.635 4 3210 u 
16.6 e /min in an attempt to at least provide results 5 0.635 4 9640 u 

6 0.635 4 16100 u 
which bound the data. Figure 3 shows that the com- 7 0.635 8 3210 z 
parison between the thus-computed inlet and outlet 8 0.635 8 9640 z 
manifold pressures and the experimental data is very 9 0.635 8 16100 z 
good. The weak dependence on the total flow rate is 10 0.635 8 3210 u 

II 0.635 8 9640 u 
indeed demonstrated in Fig. 3: a ninefold increase in 12 0.635 8 16100 u 
total flow rate is seen to increase the manifold pressure 13 0.635 16 3210 z 
by 10% at most. (After the completion of the study we 14 0.635 16 9640 z 
have learned through personal communication with 15 0.635 16 16100 z 
the senior author of the Wang and Yu[21]article that 

16 0.635 16 3210 u 
17 0.635 16 9640 u 

the flow rate used in their experiments was 6.4 e /min, 18 0.635 16 16100 u 
within the range of our computations presented in 19 1.27 4 3210 z 
Fig. 3). 20 1.27 4 9640 z 

It is noteworthy that better overall agreement with 21 1.27 4 16100 z 
22 1.27 4 3210 u 

experimental data would be obtained by allowing 'Y; 23 1.27 4 9640 u 
and k to vary with location along the manifolds. In 24 1.27 4 16100 u 
most cases, however, this is unnecessary, since accuracy 25 1.27 8 3210 z 
higher than that indicated in Fig. 3 is seldom sought. 26 1.27 8 9640 z 

27 1.27 8 16100 z 
28 1.27 8 3210 u 

4. RESULTS AND DESCRIPTION OF THE PHENOMENA 
29 1.27 8 9640 u 
30 1.27 8 16100 u 

In addition to the above validation, the equations 31 1.27 16 3210 z 
were solved for 54 different combinations of several of 32 1.27 16 9640 z 

33 1.27 16 16100 z 
the independent variables for parallel ( Z) and reverse 34 1.27 16 3210 u 
( U ) flow manifolds. The parameters for these cases 35 1.27 16 9640 u 
were chosen to allow adequate insights into the nature 36 1.27 16 16100 u 
ofthe fluid mechanics phenomena in this process, most 37 1.905 4 3210 z 
particularly into the sensitivity of flow distribution to 

38 1.905 4 9640 z 
39 1.905 4 16100 z 

the major system variables. The various cases are listed 40 1.905 4 3210 u 
in Table I. The remaining variables were held constant 41 1.905 4 9640 u 
at the following values: d; = do = I in. (2.54 em), w 42 1.905 4 16100 u 
=3ft. (0.915 m), h, =6ft. ( 1.83 m), ')' 0 = 0.0, ')'; = 43 1.905 8 3210 z 

44 1.905 8 9640 z 
0.9, and k = 1.2. 45 1.905 8 16100 z 

The ratio d,/ d;, as seen in Table 1, was chosen to 46 1.905 8 3210 u 
have the values 0.25, 0.50, and 0.75. Since h, was fixed, 47 1.905 8 9640 u 
it is to be noted that varying d, changes not only d,/ d; 48 1.905 8 16100 u 

49 1.905 16 3210 z 
but also the ratio h,/ d,. The sensitivity to inlet flow 50 1.905 16 9640 z 
rate and temperature of the fluid was addressed here 51 1.905 16 16100 z 
by varying the inlet Reynolds number (Re) as shown 52 1.905 16 3210 u 
in Table I. For example, Re = 9640 corresponds to a 53 1.905 16 9640 u 
water temperature of 60°C and total flow rate of 1.89 54 1.905 16 16100 u 
e /min. 

A plot of the pressure distribution (referenced to 
an inlet pressure of zero) for the dual manifold system next part ofthe manifold which connects two branches, 
for cases 26 ( Z-array) and 29 ( U-array) described in as seen in the transition from point b to c for the inlet 
Table I (in both cases d,/d; = 0.5, n = 8, Re = 9640) manifold. In the combining (outlet) manifold, the ad-
is shown in Figs. 4 and 5. To examine the hydrody- dition of the riser tube flow accelerates the flow in the 
namics of the flow, we note that in the dividing (inlet) manifold and thus causes the pressure to decrease from 
manifold the pressure rises during passage across a point a to b along that combining branch. The pressure 
branch region due to the velocity reduction resulting continues to drop between branch regions of the outlet 
from the removal of fluid from the manifold flow manifold (from b to c), due to frictional losses. The 
through the riser, such as from point a to bon the inlet pressure drop in each riser, and hence, the riser flow 
manifold curve in Fig. 4. The pressure in the manifold rate, can be determined from eqn ( 8) once the pressure 
decreases slightly due to frictional effects within the distributions in each of the two manifolds are estab-
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Fig. 4. Pressure distribution in the manifolds of the dual-manifold system, Z configuration, and comparison 
with results of the continuous model of Dunkle and Davey(IO]. 
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lished. As seen in Fig. 5, reverse-flow (U) manifold 
systems exhibit the same behavior. 

The results in Figs. 4 and 5 are also compared with 
the closed-form solutions from the continuous models 
of Dunkle and Davey[IO]and Bassiouny and Mar­
tin [ 5]. In their analyses, the former neglected inertial 
pressure changes in the manifolds (only friction was 
included) and the latter authors neglected friction (only 
inertia was included). By inspection, it is clear that 

the neglect of inertia causes a gross underprediction of 
the pressure distribution in the inlet manifold (Fig. 4), 
whereas the neglect of fiiction produces less inaccuracy 
(Fig. 5) for the example considered here. The inertial 
model of Bassiouny and Martin [ 5 ] overpredicts riser 
flows near x/w = I by about 35%. 
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Figs. 6 and 7 show the dimensionless flow rate ( Qj) 
distribution among the risers, for d,/ d; = 0.25 and 
0.75, respectively, for Z and U configurations, and 
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Fig. 5. Pressure distribution in the manifolds of the dual-manifold system, U configuration, and com­
parison with the results of the continuous model by Bassiouny and Martin [ 5]. 
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Re = 9640. It should be noted that the extent of the 
deviation of Qj from unity is a measure of maldistri­
bution, with values above l indicating higher-than-av­
erage flow and values below 1 indicating lower-than­
average flow. 

3% above average in the first riser (nearest to xI w = 
0) for the U configuration. Both maxima are at the 
highest number of risers considered in this figure, n = 

16. For both array configurations the flow rates in the 
risers are observed to change monotonically with riser 
location along the manifold. The trend in which the 
highest riser flow occurs in the risers furthest from the 
entrance (xI w = I ) for the Z configuration and nearest 
to the entrance (xI w = 0) for the U configuration is 
consistent among all the cases investigated here. This 

Inspection ofFig. 6 (in which d,ld; = 0.25) shows 
that maldistribution in this case is small and increases 
with the number of risers. Maximal riser flow rates are 
observed to be 5% above average, occurring in the end 
riser (nearest to x 1 w = 1 ) for the Z configuration, and 
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behavior is also consistent with the manifold pressure 
distributions shown in Figs. 3 and 4: for the Z config­
uration, the pressure in the inlet manifold increases, 
and that in the outlet manifold decreases with increas­
ing x 1 w. This results in an increasing pressure differ­
ence across each riser, from the one closest to the man­
ifold inlet to the one furthest from it. Equation (9) 
shows that this increase in pressure difference results 
in the observed increase in riser flow rate. For the U 
configuration there is a pressure increase along both 
manifolds, but it is much more pronounced in the out­
let manifold, causing the manifold pressure distribu­
tions to converge with increased xlw and thus reduce 
the riser flow rates in that direction. 

For d,l d, = 0.75, Fig. 7 shows the same flow trends 
as above, but the extent of flow maldistribution is 
greatly increased, reaching riser flows which differ about 
fivefold from the average. This is brought about by the 
fact that the large increase in the riser diameter de­
creases the frictional pressure drop across the risers [as 
seen from the consequence of the decreased magnitude 
of the term h,l d, in eqn ( 9)], leaving the pressure field 
in the system to be strongly affected by the nonlinear 
inertial effects in each manifold [ eqns ( I ) and ( 3) 1 
which are in this case not sufficiently moderated by 
the flow resistance in the risers. 

This effect of the pressure change in the risers on 
the flow distribution is clarified as follows. The orders 
of magnitude of the different pressure drops in the 
manifold system, shown in eqn ( 10) are first estimated. 
The nonbranch region pressure drops A./>}+ 1,2 and 
AP}+ 1•1 depend strongly on wind; [see eqn (8)1 and 
are on the order ofO.l for typical solar collectors. The 
pressure drops across each manifold branch region, 
AP1.z, AP1+1.:• AP1+1.1, and AP1.1, calculated from eqns 
( I ) and ( 3), are all at most on the order of unity and 
typically smaller, since all the terms on the right-hand 
side of these equations are of this order. The order of 
the riser pressure drop terms APJ and Ai-'J+J is ex­
amined by combining eqns (9) and (2), resulting in 

-. - ( d, )-4 - - 2 AP1 - C1 d, ( Vj+l,l - Vj,1) 

- (d')-4 

- 2 = C1 d, AV 1 ,~o (14) 

where 

I ( h,) -C1 = .2 1 + k + J,,1 d, sgn( v,,1). (15) 

Equation ( 14) shows that Ai-'J, the pressure drop in 
the risers, can become significantly larger than the other 
above-evaluated pressure-drop terms in the branch and 
nonbranch regions in eqn ( 10), if C1 is large and 
d,l d, is of the order of I or less, or even if only d,/ d; ~ I. 
Equation ( 10) is then satisfied by the condition 

APJ+1 = Af!, 1 sj s n- 1, ( 16) 

which from eqn ( 9) implies uniform flow distribution. 
For this case, A Jii. 1 = 1 In, and eqn ( 14) becomes 

'* (d')-4 -2 AP; = C1 d, n . ( 17) 

This result prompted Bajura and Jones [ 31 and Datta 
and Majumdar[91to correlate results against a single 
area ratio parameter n( d,/ d; )2

• 

~becomes large when h,/ d, is large. For example, 
h,l d, = 200 gives a C1 of about 5 and a APJ on the 
order of I or larger, indeed causing the APJ terms to 
be predominant in eqn ( 10). 

A general conclusion from this discussion is that if 
the riser pressure drops are not the predominant terms 
in eqn ( l 0), eqn ( 16) would not be satisfied and mal­
distribution would thus occur. For both C1 and d,l d; 
near l, eqn ( 14) reveals that Ai-'J is of the order of 
AV ],1. Comparing the orders of APJ and the manifold 
pressure drop terms at a branch, say AP1,1 , by taking 
the ratio of eqns ( 14) and ( 1 ) (assuming for simplifi­
cation that 'Y; = 1 and a1.1 = 0), this ratio is 

-=C- l---AfJ ( d,)-4( Vi.l ) 
AP1,1 J d; Vi+l.l 0 

(18) 

For ~ and d,l d; near 1, eqn ( 18) indicates that the 
pressure ratio APJ 1 A~. 1 is less than the order of 1, 
since the velocities in adjacent risers do not differ by 
too much. Consequently, eqn ( 10) would not lead to 
the condition of eqn ( 16 ), and maldistribution will 
occur. 

For the Z array, the constraint of zero velocity in 
the inlet manifold at x/w = 1 produces AVn,J [and 
through eqn ( 14), also Af: 1 of the order of one: the 
largest in the system. To satisfy eqn ( 10 ), Af:_ 1 must 
be of similar order, though slightly smaller than Ai-': 
because of the inertially caused pressure increases at 
the n and n - 1 branches of the inlet manifold. From 
eqn ( 9), it can be seen that this results in maximal 
riser flow in riser tube n with the riser flow decreasing 
nearly monotonically with distance toward the en­
trance to the inlet manifold (Fig. 7). For n = 16, the 
existence of the large numbers of flow-starved risers 
due to small Ai-'J gives rise to the large flow imbalance 
reflected in Fig. 7 for this case. 

Dual-manifold systems characterized by manifold 
inertia effects comparable to those of riser friction, with 
riser flow distributions shown in Fig. 7, are called "in­
ertially dominant," whereas those of Fig. 6, where riser 
friction is most significant, are called "frictionally 
dominant." These conclusions, including the fact that 
riser maldistribution is decreased when the pressure 
drop in the risers becomes dominant, and the specific 
role of h,/ d, in controlling maldistribution, agree with 
past studies[10, 12, 13,151. 

The influence of the inlet Reynolds number on 
maldistribution, as shown in Figs. 8 and 9, is weak: a 
fivefold increase of Re (from 3210 to 16,100) increased 
the maximal flow rate in the riser by about 5% and 
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Fig. 8. Effect of dual-manifold system inlet Reynolds number ( Re) on the distribution of riser flow rates, 
Z configuration. 

decreased the minimal flow rate by about the same 
amount. 

I. An effective model for predicting flow and pressure 
distribution in dual-manifold systems characteristic 
to solar collectors was developed and validated by 
comparison to available experimental data. Com­
putation time on a 486DX-33MHz personal com­
puter is of the order of I min. 

5. CONCLUSIONS 

For the system geometry considered and the range 
of parameters investigated in this article, the following 
conclusions are obtained. 

2. For the parallel flow (Z) configuration the riser flow 
rate increases from riser to riser in the manifold 
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Fig. 9. Effect of dual-manifold system inlet Reynolds number ( Re) on the distribution of riser flow rates, 
U configuration. 
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flow direction. It is thus lowest at the entrance to 
the inlet manifold and highest at the outlet from 
the outlet manifold. The opposite occurs in the re­
verse flow (U) configuration. 

3. The ratio of riser to manifold diameters (d,/ d;) has 
a major influence on flow maldistribution in typical 
solar collectors, increasing as (d,/d;) 4

• Values of 
d,/ d; as small as practicable should thus be em­
ployed to make the flows through the risers as equal 
as possible and thus increase the thermal efficiency 
of the collector. 

4. The second major influence on riser flow distri­
bution is the number of risers, n. Maldistribution 
increases with n 2

• For example, ford,/ d; ::;; 0.25, 
dual-manifold systems having as many as 16 riser 
tubes will operate with peak riser flows 5% greater 
than average, whereas for d,/ d; = 0.50, only the 
systems having eight risers or less would have a peak 
riser flow limited to about 30% greater than average. 
Ford,/ d; = 0. 75, peak riser flows 500% greater than 
average can occur in the parallel flow configuration. 

5. The effect of the distance between the risers [ w I ( nd;)] 
(which varied here between 2.25 and 4.00) is gen­
erally weak for systems having values h./ d, of 48 
to 144 used in this study, since wf(nd;) enters the 
problem only as a product with a small-valued fric­
tion factor. 

6. Decreasing the ratio h.! d, increases maldistribution 
because it decreases the role of frictional pressure 
changes within the risers. For h./ d, less than about 
75, pressure changes in the system arising from in­
ertia in the manifolds and friction in the risers are 
of similar magnitudes, giving rise to large flow mal­
distribution. This effect is most pronounced ford,/ d; 
ratios approaching I. 

7. For the parallel-flow configuration, it is clearly 
demonstrated from the mathematics of the discrete 
formulation and as a consequence of the imposed 
boundary conditions, that the risers farthest from 
the inlet experience the greatest flows in general. 
As a limiting case, the mathematics further show 
that the flow distribution tends toward uniformity 
as pressure drops in the risers become large relative 
to the inertial and frictional pressure changes in the 
manifolds. 
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NOMENCLATURE 

C dimensionless coefficient, eqn ( 14) 
d inside diameter of tube, m 
f Darcy friction factor in branch region, based on average 

branch velocity, dimensionless 
f' Darcy friction factor in nonbranch region of manifold, 

dimensionless 
h. length of riser, m 
k entrance and exit energy loss coefficient, dimensionless 
t length of control volume for momentum balance, m 
n number of risers 

P pressure, Pa 
f> dimensionless pressure, eqn ( 5 ) 

Qj volumetric flow rate in riser, t /min 
Qr total volumetric flow rate to the dual-manifold system, 

ljmin 
Qj dimensionless flow rate in riser, (UU2rfn) 
Re Reynolds number at the inlet to the dual manifold system, 

based on d; , dimensionless 
V fluid velocity, m/s 
V; fluid velocity at entrance to inlet manifold, m/ s 
Vb velocity component leaving or entering an inlet or outlet 

manifold to or from a branch, m/s 
V dimensionless velocity of fluid, eqn ( 5) 
w total width of dual-manifold system, m 
x coordinate in direction of flow along inlet manifold, m 

Greek 
a coefficient in eqn ( 5 ), dimensionless 
"Y pressure regain coefficient, dimensionless 
p density, kg/m 3 

r shear stress, N I m 2 

Subscripts 
dividing (inlet) manifold 

o combining (outlet) manifold 
j refers to a region of the dual-manifold system (Fig. I) 
k k = I refers to inlet manifold, k = 2 to outlet manifold 
r riser 

Superscripts 
' refers to pressure change in a nonbranch region of a 

manifold 
* refers to pressure change in a riser 
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