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INTRODUCTION

Commercial Multiple Effect Desalination (MED) processes were applied to desalting seawater about one hundred years ago, but had not been considered attractive for the ease of scale formation. For the last several decades Multi-Stage Flashing (MSF) has been unique solution as a thermal desalting process. However, with the advent of powerful anti-scale chemicals, the improvement of design and operation shows that MED is a new alternative. Additionally, the intrinsic simplicity of process control and operation favors MED [1].


The current commercial MED employs often shell-and-tube type evaporators, each of which receives its heat source from the previous stage or effect. Hence, the heat source or steam is supplied only to the first effect. The tubes of an evaporator are aligned horizontal, and the seawater is sprayed on their outer surface (usually called horizontal-falling-film evaporator). The heating steam condenses inside the tubes, and part of sprayed seawater evaporates to be the heating source of the next stages


Surely, much should be done in the field of process design and control. Like other processes, the instrumentation and equipment take a considerable portion of fixed capital cost. To the contrary, the consumers of desalination plants, most of which are the middle-east Asian countries, requires the cost of water to get lower and their plants to operate more automatically. These trends force the plant licensers to optimize the process design and operation. In order to optimize MED process, the process modeling in unsteady state is inevitable. To minimize the design margin and consequently the fixed capital for equipment and instrument, the dynamic behavior in start-up and shutdown as well as in normal operation should be revealed.

The present study concentrates on the dynamic modeling of MED process. Some authors have endeavored to simulate the actual situation. Recently, Hackenberg [2] summarized the state of art of dynamic modeling and control of MED with thermo-vapor compressor (TVC) using a case-study approach. The author studied the dynamics of the plant with nonlinear simulation tools and finally analyzed the linear controllability. Narmine and Marwan [3] presented a dynamic model to study the transient behavior of a four-effect evaporation process with TVC. They introduced three lumps of an evaporator; brine, vapor, and tube bundle lumps. Their model simulated the load changes and disturbances in which the plant performance varied significantly. In this study, the mathematical model of MED will be analyzed in terms of time scales, and more simple and robust simulation method will be proposed assuming quasi-steady-state approximation.
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Figure 1. Schematic diagram of a 3-effect MED plant
MATHEMATICAL MODEL

The major parts of the MED are modeled in time domain including effects, condensers, and TVC with their detailed features as shown in Figure 1. The effect is modeled to comprise six phases: tube-side vapor, distillate, shell-side vapor, brine, seawater film on tube surface, and tube wall. The feed seawater and the heating steam are introduced respectively into the seawater film on tube surface and tube-side phases. Heat transfer through tube-wall phase causes the heating steam to condense and part of feed seawater to evaporate. The evaporating steam moves into the shell-side phase, and then into the tube-side phase of the next effect. The condensate of tube-side phase called distillate, and the rest seawater of shell-side phase accumulate on the pot of each side, and cascade to corresponding pots of the next stage. Here is the heat and mass conservation equation in unsteady state for the tube-side phase. Similar equations are deducible for the other phases.

- Tube-side phase
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Here, V, m, h, and Q are density, phase volume, mass flow rate, enthalpy, and steam condensation heat, respectively.

- Time Scale Analysis                             Table 1. Time Scale of six phases
	Phase
	Time scale, sec

	Tube side
	1.2

	Distillate
	19.6

	Shell side
	1.4

	Brine
	4.5

	Film
	20.7

	Tube wall
	≪ 1


Table 1 shows the time scales of the six phases. The time scales of the vapor and tube-wall phases are far shorter than those of the others. In terms of the numerical integration, the equation with the short time scales results in a stiff problem, that is, the numerical integration is not accurate due to their enormous gradients. A practical approach is to assume that the dynamic behavior of them should be in a quasi-steady state. Additionally, the distillate and brine flows between effects are regarded as being in a quasi-steady state.

RESULTS AND DISCUSSION

It is found that the steady solutions of the dynamic simulation do not show deviations greater than 3% from the results of the steady simulation. All of the governing equations are solved numerically by implicit Euler method. The simulated responses to various disturbances are found reasonable. 

For an example, Figures 2 and 3 show the response to a step change of the raw seawater from the normal flow rate of 3000  ㎏/h to 2000 ㎏/h at 150 second. The flow rate of feed to effects is maintained constantly by a control valve. The flow rates of vapor from each effect and motive steam are evaluated as shown in Figure 2. The flow rates of all vapor streams except the motive steam abruptly increase at first, and then decrease gradually. It takes about 90 second for the process to reach another steady state. The flow rate of the motive steam, however, does not change. The cause of the peak-shaped change in the flow rates of vapor is explained by the response of temperature. Figure 3 shows the temperature behavior of the motive steam, the vapor from each effect and the downstream seawater from the condenser. As soon as the disturbance is introduced, the temperature of each effect drops steeply and approaches a higher value. The step decrease of the raw seawater flow rate instantly reduces the logarithmic mean temperature difference between the tube and shell side of the condenser. The change of temperature in the third effect impacts on the previous effect. Likewise, the aftermath spreads to the tube side of the first effect in an instant; that is to say, the saturation temperature of each effect decreases at once. This consequence reduces the portion of the preheat section in the tube bundle so that the amount of vapor increases [image: image1.wmf]Motive
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Figure 2. Vapor flow rates for a decrease of raw seawater flow rate
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                 Figure 3. Temperature of effect for a decrease of raw seawater flow rate


For other disturbances of heat supply rate and feed seawater flow rate and temperature, the model gives reasonable results within relatively short time. The divergence is not observed even with considerable time discretization.
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