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Abstract- The Levenberg-Marquardt Method (LMM) is utilized to determine the optimum design variables for a stepped 

solar still with a glass cover water film cooling device to maximize the productivity of the distillate. The design algorithm is 

based on the minimization of the functional of the problem and estimation of the optimal design variables of glass cover 

water film cooling devices.  

The accuracy of the present numerical solution for distillate is first verified by comparing the values with those provided by 

El-Samadony and Kabeel. Next, four different designs are considered in the present work, and the resultant daily amount of 

distillate for each stepped solar still with glass cover water film cooling device are examined. The results indicate that utiliz-

ing the optimal design variables for glass cover water film cooling devices can indeed increase the productivity of distillate, 

and the percentages of increase are calculated as 1.81%, 4.85%, 4.27%, 3.88%, and 2.93% for cases A, B, C, D, and E, re-

spectively. 

 

Keywords- Optimum Design, Stepped Solar Still, Maximize The Productivity 

 

I. INTRODUCTION 

 

Of the many types of solar stills, stepped solar stills 

were found to have better effectiveness than the con-

ventional solar stills (El-Zahaby et al., 2010). Omara 

et al. (2013) experimentally found that the distillate 

production of the stepped solar still was higher by 

approximately 57% than that for conventional solar 

still. Abu-Hijlew and Mousa (1997) studied numeri-

cally that using glass cover water film cooling can 

improve the efficiency of a conventional solar still by 

approximately 20%. Additionally, Abu-Hijleh (1996) 

found numerically that poor combinations of design 

variables for a glass cover water film cooling device 

can reduce the still efficiency significantly. 

Recently, El-Samadony and Kabeel (2014) consi-

dered theoretically the performance of a single basin 

stepped solar still with glass cover water film cooling. 

To obtain the best combinations of film cooling de-

sign variables, i.e., film cooling thickness, water film 

cooling volumetric flow rate and glass cover length, 

an optimization algorithm is utilized to yield the op-

timum design variables and thus the maximum dis-

tillate productivity.  

 

The objective of this study is to re-examine the work 

of El-Samadony and Kabeel (2014) using the Leven-

berg-Marquardt method (LMM) (Marquardt, 1963) 

and seek a better combination of film cooling design 

variables. LMM was utilized as an efficient optimiza-

tion algorithm because it has been proven to be a po-

werful tool for design problems in engineering appli-

cations. For example, Huang et al. (2015) applied 

LMM and a general purpose commercial code, CFD-

ACE+ (CFD-ACE+ user’s manual, 2005), in an op-

timal design problem to determine the optimum per-

foration diameters for a pin fin array. Huang and 

Wang (2017) used LMM in a design problem to de-

sign the optimal fin shape of LED lighting heat sinks. 

Therefore, the LMM is considered as the optimization 

algorithm in this work. 

 

II. METHODOLOGY 

 
2.1 The direct problem 

A schematic diagram of a stepped type solar still with 

glass cover water film cooling device is shown in 

Figure 1. This module will be considered to illustrate 

the methodology for designing of optimum design 

variables for a glass cover water film cooling device 

to maximize the productivity of the stepped solar still 

by using the LMM [6] and CFD-ACE+.  

 

The energy balance for the stepped-type solar still can 

be applied to four regions: (1) basin plate, (2) saline 

water, (3) glass cover and (4) film cooling regions. 

The basin plate temperature Tb, saline water tempera-

ture Tw, glass cover temperature Tg and water film 

temperature Tf can be evaluated accordingly. 

The solar still is assumed to be in a steady-state con-

dition, and the film cooling and glass cover are both 

assumed thin; as a result, no incident radiation will be 

absorbed by both of them, and evaporation from the 

film cooling is negligible. 

 

The mathematical formulation of the steady-state 

energy balance equations for four regions can be ob-

tained in El-Samadony and Kabeel (2014); therefore, 

they are not presented in this discussion paper.  

The relevant parameters regarding the dimensions, 

material properties and ambient conditions are also 

identical to those utilized by El-Samadony and Ka-

beel (2014) and will be provided in Section 6 for cal-

culation purpose. 
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The rate of mass evaporation mre can be obtained as 

follows:        e
re

fg

Q
m =

h

    (1) 

and the daily amount of distillate of the solar still is 

obtainable using the following equation: 

Mre = mrettotal        (2) 

 

here, ttotal represents the total operation time for each 

day. In the present study, the total operational time is 

from 09:00 to 18:00, i.e., nine hours per day. 

The solutions of the coupled ordinary differential 

equations in four regions, i.e., the direct problem, can 

be solved using the Runge–Kutta method. The direct 

problem considered here is concerned with the de-

termination of the temperatures for basin plate, saline 

water, glass cover and water film as well as the daily 

distillate productivity of the stepped solar still when 

the relevant parameters of computations are all given 

and known. 
 

2.2 The design problem  
Let the design variables, film cooling thickness xf, 

water film cooling volumetric flow rate Volf and 

glass cover length L, be represented by B, i.e., 

   1 2 3 f fi=  = B ,B ,B x ,V LB ol ,B . The purpose 

of the present discussion paper is to determine the 

optimum design variables for a glass cover water film 

cooling stepped solar still to achieve maximum prod-

uctivity. 

Let the desired daily productivity of the solar still be 

denoted by ; the glass cover water film cooling de-

sign problem can be given as follows: utilize the ab-

ovementioned desired productivity  of the solar still 

and obtain the optimum design variables Bi for the 

glass cover water film cooling device for maximum 

productivity. 

The objective function of this study to be minimized 

to yield the optimal variables Bi is 

   
2 T

m i re iJ θ B = M B -δ =       U U      (3) 

 

here, Mre represents the estimated or computed prod-

uctivity of the stepped solar still and can be obtained 

from the solution of the direct problem. 

 

2.3 The Levenberg-Marquardt Method (LMM) 

for minimization 

Equation (3) is minimized with respect to the design 

variables Bi to yield 

 
 

A Taylor series is utilized to linearize Equation (4) by 

expanding Mre(Bi) and retaining the first order terms. 

Next, a damping parameter 
n
 is added to the resul-

tant equation to increase the rate of convergence. As a 

result, the Levenberg-Marquardt method can be ob-

tained as follows: 

n(  + )  F Z B E               (5) 

F=
T
                       (6) 

TE U                      (7) 

n+1 n   B B B          (8) 

 

Here, the superscripts T and n indicate the transpose 

matrix and iteration index, respectively, and Z is the 

identity matrix.  denotes the Jacobian matrix and is 

defined as follows: 

re

i

M ( )
 

B






B


              (9) 

 

The Jacobian matrix can be obtained by perturbing 

the unknown design variables Bi, one at a time, and 

calculating the resultant change in productivity of the 

solar still from the solution of the direct problem. 

Equation (8) is now rewritten in a form suitable for 

iteration: 

n+1 n T n 1 T ( + )  B B Z U            (10) 

 

To achieve rapid convergence, the steepest-descent 

method is applied first, i.e., n  . Finally, the 

Gauss-Newton method is used, i.e., n = 0, to obtain 

the optimum productivity. 

 

2.4 Iterative process 

The iterative process of this work to determine the 

optimum productivity of the stepped solar still with 

the Levenberg-Marquardt method can be described as 

follows: 

Step 1. Choose the optimum design variables for xf, 

Volf and L given by El-Samadony and Kabeel 

(2014) as the initial guesses to start the design 

process.  
Step 2. Solve the direct problem to obtain the esti-

mated or computed productivity of the solar 

still. 

Step 3. Compute the Jacobian matrix according to 

Equation (9). 

Step 4. The design variables B
n+1 

are updated based 

on Equation (10), and then the new geometry of 

glass cover water film cooling device for the 

stepped solar still can be constructed.  

Step 5. Check the stopping criterion ; if it is not sa-

tisfied, then go to Step 2 and iterate again. 

 

III. RESULTS 

 

The accuracy of the numerical solutions for the prod-

uctivity of the stepped solar still plays an important 

role in this optimum design problem. For this reason, 

it is necessary to show that the accuracy of the com-

puted productivity obtained in the present work is 

adequate by comparing it with the productivity pro-

vided by El-Samadony and Kabeel (2014).  
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The physical and operating parameters used in this 

study are identical to those used in El-Samadony and 

Kabeel (2014). The distribution function of the solar 

radiation with time was not given in (2014); it can be 

obtained directly from the Hong Kong Weather Web-

site which is utilized in this study. The daily produc-

tivities given in Table 2 of El-Samadony and Kabeel 

(2014) are re-calculated in this work; the computed 

results are summarized in Table 1. 

Table 1 reveals that the maximum error among five 

daily productivities is less than 2.22% because the 

function of solar radiation with time used in this 

study is not exactly identical to that utilized in Sama-

dony and Kabeel (2014); however, the trends of the 

computed productivities are similar. 

The objective of this work is to examine whether the 

use of the LMM can further improve the daily 

amounts of distillate of the stepped solar still. To illu-

strate the validity of the LMM in estimating the op-

timal design variables of the stepped solar still with 

glass cover water film cooling device by minimizing 

the objective functional, the numerical experiments 

used for determining the optimal design variables are 

presented below. The constraints for three design 

variables are as follows (Samadony and Kabeel, 

2014): 
4 4

f2.5 10 m x 5.5 10 m     ;  

5 3 5 3
f4 10 m /s Vol 8.5 10 m /s     ; 

2.0m L 2.8m   

 

The stopping criterion is chosen as  = 10
-3

 and a 

10% increase in the daily productivity of distillate of 

the stepped solar still from five initial design condi-

tions, i.e., cases A to E, is required in the five design 

cases considered here. It is impossible to obtain the 

optimum design to yield the desired daily productivi-

ty ; however, the optimal still variables with the best 

daily productivity can be obtained. 

Table 2 presents the optimum design variables of the 

stepped solar still for cases A to E. The results show 

that film cooling thickness xf will approach its lower 

limit whereas the water film cooling volumetric flow 

rate Volf and glass cover length L will both approach 

their upper limits for optimal still daily productivity.  

This result occurs because, as the film cooling thick-

ness becomes thinner and film cooling volumetric 

flow rate becomes larger, more solar energy can pe-

netrate to the saline water. When the glass cover 

length increases, the surface area for solar energy 

transfer increases; as a result, more solar energy can 

reach the saline water, thereby increasing the produc-

tivity of the stepped solar still. 

The resultant daily productivities using the present 

optimal design variables and the design variables of 

Samadony and Kabeel (2014) for cases A to E are 

also given in Table 2. The optimal still daily produc-

tivity for cases A to E with different temperature dif-

ference, ta-tf1, are all the same. This implies that the 

variation of temperature difference (ta-tf1) considered 

in this work can hardly affect the productivity, whe-

reas the design variables can indeed affect the prod-

uctivity. 

 

IV. CONCLUSION 

 

The daily distillate productivity obtained in the 

present work is clearly better than that using the de-

sign variables of Samadony and Kabeel (2014). 

Based on the above results, it can be concluded that 

the present design algorithm can indeed increase the 

daily productivity of the distillate and the percentages 

of increasing distillate for cases A, B, C, D, and E are 

1.81%, 4.85%, 4.27%, 3.88%, and 2.93%, respective-

ly. 
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Figure 1. Schematic of the experimental setup 

http://www.hkww.org/weather/index_
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Figure 2. Solar radiation with time

  

 
Table 1. Comparison of the daily productivities between El-Samadony and Kabeel [1] and the present study using the design va-

riables of Reference [1] 

 

 
Table 2. Comparison of the daily productivities between El-Samadony and Kabeel’s [1] design variables and the present optimum 

design variables

  

 

 

 

 

 
 


